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Abstract 

The synthesis of complex architectures, namely block copolymers with tailored end-

use properties, is currently an important research area in academia and industry.  The 

challenge is finding a versatile polymerization technique capable of controlling the 

molecular properties of the formed copolymers, which in turn determines their 

macroscopic properties. Reversible addition-fragmentation chain transfer (RAFT)- 

mediated living polymerization is a robust technique capable of producing controlled 

polymer products.  With the great advances in living polymerization techniques and 

the environmental awareness of society there is an increasing demand to produce 

these polymer products via the RAFT living technique in heterogeneous media. 

Conventional emulsion and miniemulsion polymerization present various problems 

when used to produce polymers mediated by the RAFT process.  There is an inherent 

need to find cost effective and flexible operating conditions to conduct RAFT 

polymerization in heterogeneous media with the ability to produce well-defined block 

copolymers.  

In this study the use of three novel trithiocarbonate RAFT agents to produce well-

defined AB-type, ABA-type and star block copolymers via the RAFT process was 

investigated.  Optimal operating conditions for the production of living block 

copolymers in homogenous and heterogeneous media were determined. The main 

focus was on the development of the RAFT process in heterogeneous media to 

efficiently produce block copolymer latex products.  The RAFT-mediated 

miniemulsion polymerization system stabilized with non-ionic surfactants was 

thoroughly investigated. The ability of the ab initio and in situ RAFT-mediated 

emulsion polymerization systems to produce controlled latexes was demonstrated.  

Controlled block copolymer products were successfully synthesized in homogenous 

and heterogeneous media via the RAFT process when the optimum reaction 

conditions were chosen.  

 

 

 

 



Opsomming 

Die sintese van komplekse samestellings, naamlik blokkopolimere met 

gespesialiseerde eindgebruikeienskappe, is tans ’n baie belangrike navorsingsarea in 

die akademie en in die industrie. Die uitdaging is om ’n veelsydige tegniek te 

ontwikkel wat daartoe in staat is om die molekulêre eienskappe van die bereide 

kopolimeer te beheer. Die reaksiekondisies bepaal die eienskappe van die bereide 

kopolimeer. Die sogenaamde omkeerbare addisie-fragmentasie ketting-oordragproses 

(Eng: reversible-addition fragmentation chain transfer process), oftewel die RAFT-

proses, is ’n geskikte tegniek wat daartoe in staat is om gekontrolleerde 

polimeerprodukte te lewer. Met die groot vooruitgang in ’lewende’ 

polimersasietegnieke en die omgewingsbewustheid van die moderne samelewing, is 

daar ’n toenemende vraag na die produksie van polimeerprodukte via die RAFT-

proses in heterogene media. Die bereiding van polimere d.m.v. die RAFT-proses via 

konvensionele emulsie- en mini-emulsie polimerisasie lewer verskeie probleme op. 

Daar is dus groot belangstelling in die ontwikkeling van goedkoper en buigsame  

reaksiekondisies om RAFT-polmersasie in heterogene media uit te voer, met die 

gevolglike vermoë om goedgedefinieerde blokkopolimere te produseer.  

Hierdie studie ondersoek die gebruik van drie nuwe tritiokarbonaat-RAFT-

verbindings vir die produksie van goedgedefinieerde AB-tipe, ABA-tipe en ster 

blokkopolimere via die RAFT-proses. Optimale reaksiekondisies vir die produksie 

van ’lewende’ blokkopolimere in homogene en heterogene media is bepaal en verfyn. 

Die fokus is die ontwikkeling van die RAFT-proses in heterogene media om 

blokkopolimeer- lateksprodukte doeltreffend te produseer. Die RAFT-

miniemulsiepolimersasiesisteem wat gestabiliseer is deur nie-ioniese sepe is deeglik 

ondersoek. Die vermoë van die ab initio en in situ RAFT-mulsiepolimerisiesisteem 

om gekontrolleerde latekse te produseer is bewys.  

Gekontrolleerde blokkopolimeerprodukte is suksesvol gesintetiseer in homogene en 

heterogene media via die RAFT-proses nadat die optimum reaksiekondisies gekies is.  
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Chapter 1: Introduction and Objectives 

Abstract 

A short introduction to the key concepts relevant to this research and the importance 

of the research topic is presented. The main aims and a brief outline of each of the 

chapters are given.     



Chapter 1: Introduction and objectives 

1.1  Introduction 
In this era of consumerism and technological advances there is increasing pressure on 

industry and academia to produce materials with tailor-made property profiles. 

Polymers, which are an important class of materials, have greatly fulfilled the 

requirements of high performance products for specific applications. Polymers are 

long chain molecules that consist of smaller repeating units known as monomers. The 

production of synthetic polymers in an economically viable and environmentally 

friendly manner has become the main objective of the modern polymer scientist. The 

challenge to produce such polymer products has been overcome by the successful 

synthesis of polymers with well-defined architectures and with varying functionality 

in terms of monomer and end-group selection. The ability of the polymerization 

technique to effectively control these molecular properties, which in turn determine 

the final properties of the polymer products, is currently a great challenge facing the 

research community.  

The research described in this thesis focuses on the preparation of well-defined 

polymer architectures, namely block copolymers, in a living free radical 

polymerization system. The ability of the reversible-addition fragmentation chain 

transfer (RAFT) technique to effectively control the molecular properties of the 

produced block copolymers is investigated. Block copolymers with different 

structures are synthesized with conventional monomers in homogenous and 

heterogeneous media. The advantage in synthesising block copolymers is the ability 

to produce  polymers with unique properties. The copolymers produced in this study 

will consist of blocks of a soft polymer (poly butyl acrylate) and a hard polymer 

(polystyrene), with the final block copolymer having mixed properties according to 

the amount of each homopolymer incorporated. The use of miniemulsion, an 

advanced heterogeneous polymerization technique, for producing controlled 

architectures via a RAFT-mediated polymerization is the main focus of this study.  

1.2 Free radical polymerization in heterogeneous media 
Free radical polymerization is one of several methods used to produce synthetic 

polymers and is responsible for roughly half of all commercially made polymers.1 

Free radical polymerization is the most versatile polymerization technique; it can be 

successfully conducted under a variety of reaction conditions and, unlike many other 
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polymerization techniques, can be conducted in heterogeneous aqueous systems.2 The 

contamination of the environment by volatile organic compounds used in solvent-

based polymerization systems has recently raised environmental concerns among the 

general public and government alike. The implementation of stricter government 

regulations has forced the industry to venture into “safe and non-toxic” water-based 

polymerization techniques.  The use of emulsion polymerization has a number of 

inherent advantages, with the main reason for its popularity being that water is an 

environmentally friendly medium in which to conduct polymerizations.   

1.3 Living free radical polymerization 
In order to obtain control over molecular properties of polymers a living free radical 

polymerization can be employed. In recent years living radical polymerization 

techniques have proven to be suitable in producing well-defined polymer 

architectures; these techniques retain the versatility of conventional free radical 

polymerizations but provide greater control of polymer characteristics such as 

molecular weight, polydispersity and end-group functionality.3  

1.3.1  Reversible addition-fragmentation chain transfer (RAFT) 

The RAFT process is the most recently developed living radical polymerization 

technique used to produce controlled polymers.4 Extensive research into the RAFT 

polymerization technique has revealed that it is the most convenient and versatile of 

the living polymerization systems.5 The popularity of this technique stems from the 

ease with which it can be applied to a conventional free radical polymerization set-up. 

By simply adding a quantity of chain transfer agent (RAFT agent) to a conventional 

free radical experiment, i.e. same monomers, initiators, solvents and temperatures, the 

polymerization is transformed into a living process.6 The RAFT process is also 

flexible in terms of polymerization media; it can easily be applied to a range of 

systems including heterogeneous aqueous media such as emulsion and miniemulsion.   

1.4 RAFT in heterogeneous aqueous media 
The recent surge in research in the field of living aqueous polymerization systems can 

be attributed to the control of the molecular properties of the polymers produced by 

living techniques, coupled with the environmental and economic benefits of aqueous 

systems. The ease with which the RAFT living polymerization technique can be 

applied to a conventional emulsion or miniemulsion polymerization system makes it 
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the preferable living technique to use in dispersed aqueous systems.7,8 A number of 

inherent problems have however been experienced when conducting a RAFT-

mediated heterogeneous aqueous polymerization: rate retardation,9 colloidal 

instability,9,10 high polydispersity and loss in molecular weight control3 are the main 

shortcomings encountered when attempting to apply the RAFT living technique in 

aqueous polymerization systems. Much research has been carried out into the 

optimization of reaction conditions in RAFT-mediated emulsion and miniemulsion 

polymerizations11 to try and combat these problems, but it is still evident that more 

investigation is needed to obtain a more universal RAFT-mediated aqueous 

polymerization system.  

1.5 Early research leading up to this project 
The production of well-defined block copolymers is currently a “buzz” research area 

due to the many applications of these materials with complex architectures.12 The 

production of block copolymers via the RAFT process in homogeneous media has 

been thoroughly researched but problems such as homopolymer impurities and final 

block copolymer purity are still encountered.12,13 The production of block copolymers 

via a RAFT-mediated conventional emulsion polymerization has been performed by 

Monteiro et al.14. They produced block copolymers with high purity, however 

polydispersities were high and rate retardation was encountered. Similarly, Smulders 

et al.15 synthesized well-controlled block copolymers in a RAFT-mediated emulsion, 

however the use of a preformed seed was needed to control the polymerization. These 

reports highlight the need to find an effective emulsion system capable of producing 

well-defined molecular architectures with novel RAFT agents. The production of 

block copolymers in RAFT-mediated miniemulsion polymerizations has been shown 

to produce reasonable results. de Brouwer et al.9 reported that miniemulsions 

polymerized using polymeric non-ionic surfactants in conjunction with hexadecane as 

ultrahydrophobe, did not show phase separation and minimal coagulum was produced 

while maintaining good control of the reaction. Butte et al.8 obtained similar results 

when employing an anionic surfactant (SDS) and reported the presence of 

uncontrolled homopolymer in the chain extension step, as well as high PDI values. 

These results stress the persistent problem in RAFT-mediated miniemulsion to 

generate stable latexes while simultaneously producing controlled high purity polymer 

products.  
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The preparation of complex architectures such as ABA-type block copolymers and 

star copolymers in conventional emulsion and miniemulsion systems using 

difunctional and trifunctional RAFT agents has not yet been attempted. The choice of 

RAFT agent in heterogeneous aqueous media was found to play a key role in the 

behaviour of the system.16 The size and hydrophobicity of the R group on the RAFT 

agent (see Figure 1.1) was found to play a significant role in the stability, rate and 

control of the polymerization. By varying the hydrophobicity of the initial RAFT 

agent and studying the effect on the polymerization system a greater understanding of 

physical events occurring within the polymerization system should be possible, 

enabling subsequent optimisation of the reaction conditions. To date the use of 

trithiocarbonate RAFT agents in RAFT-mediated miniemulsion has been restricted to 

special cases, such as the use of amphipathic RAFT agents.17 The trithiocarbonate 

RAFT agents have a number of advantages, such as rapid chain transfer reactions, 

causing them to be highly active RAFT agents, and leading to the decrease in rate 

retardation commonly observed in some RAFT-mediated polymerizations.18 Another 

benefit of trithiocarbonate RAFT agents is their ease of synthesis19 and the variation 

allowed in their design.  Novel multifunctional RAFT agents with varying structures 

can be made effortlessly and used in the production of complex polymer architectures.   

1.6 Objectives 
The main aim of this research is to produce well-defined molecular architectures 

exhibiting living characteristics via the reversible addition-fragmentation chain 

transfer process. A comparison of the ability of three novel trithiocarbonate RAFT 

agents to mediate the polymerizations is investigated. The following are compared: 

the structure and purity of the final block copolymers, and the control of the molecular 

weight, polydispersity and the degree of livingness of the initial homopolymers and 

the resulting block copolymers. The RAFT polymerizations are studied in three 

different polymerization systems: homogeneous media (bulk/solution polymerization) 

and heterogeneous media (emulsion and miniemulsion), with the main focus of this 

study being on the production of complex architectures in miniemulsion. The flow 

chart in Figure 1.1 illustrates the general approach used and key features dealt with in 

this study. 
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Figure 1.1: Flow chart representing the basic outline of the research conducted in this study.   

The specific objectives of the project are as follows: 

1) Design and synthesis of three novel trithiocarbonate RAFT agents capable of 

producing different block copolymer structures in a controlled manner in 

homogeneous and heterogeneous RAFT-mediated polymerization systems.  

2) Synthesis of controlled homopolymers of butyl acrylate (solution) and styrene 

(bulk) via a RAFT-mediated homogeneous polymerization, and in a second step, 
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produce block copolymers employing butyl acrylate and styrene as monomers. 

Compare the effectiveness of the trithiocarbonate RAFT agents in producing 

block copolymer products with different structures in terms of monomer addition 

order, block copolymer purity and molecular weight control.  

3) Establish a stable and controlled RAFT-mediated miniemulsion polymerization 

system free of coagulation and phase separation with the use of non-ionic 

surfactants.  

4) Use the stable miniemulsion to produce controlled homopolymers mediated by the 

trithiocarbonate RAFT agents and investigate the production of block copolymers 

in a second seeded emulsion chain extension step. Investigate the effectiveness of 

the block copolymerization in terms of RAFT agent, surfactant choice, monomer 

addition order, block copolymer purity and molecular weight control.  

5) Establish an optimum system for the production of well-controlled block 

copolymers in a RAFT-mediated miniemulsion polymerization stabilized with 

non-ionic surfactants.  

6) Investigate the ability of two novel RAFT-mediated emulsion polymerization 

systems, in situ and ab initio, to produce stable and controlled AB-type block 

copolymer latexes in the presence of the monofunctional trithiocarbonate RAFT 

agent.  
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1.7 Layout of the thesis 
• Chapter 1: Introduction and objectives 

A brief introduction to the main topics addressed in this thesis is given, namely free 

radical polymerization, living radial polymerization, introduction to the RAFT 

technique and its application in heterogeneous aqueous systems. A concise 

background of the research done leading up to the project and the main objectives of 

the study are also given.   

• Chapter 2: Historical and theoretical background 

A thorough literature review of the main topics pertaining to this study is presented. 

The current understanding of free radical polymerization, living free radical 

polymerization and heterogeneous aqueous systems focusing on the use of the RAFT 

technique in miniemulsion is discussed. This chapter enables the reader to understand 

the key concepts relevant to the research presented in this study.  

• Chapter 3: RAFT agent synthesis and analysis of polymers and latexes 

The experimental procedures used to produce the three novel trithiocarbonate RAFT 

agents are described. The analytical techniques used to characterize the polymers and 

final latexes are presented.  

• Chapter 4:  RAFT-mediated homogeneous polymerization  

The production of well-controlled block copolymers mediated by the trithiocarbonate 

RAFT agents in a two-step RAFT bulk/solution polymerization system is investigated 

and the results are presented.  

• Chapter 5: RAFT-mediated miniemulsion polymerization  

The investigation into the establishment of a stable miniemulsion RAFT-mediated 

miniemulsion system with non-ionic surfactants is addressed. The ideal miniemulsion 

polymerization system is used to produce controlled block copolymer products 

mediated with the trithiocarbonate RAFT agents via a two-step process where chain 

extension is performed in a seeded emulsion polymerization step. The efficiency of 

the block copolymerizations is presented.  
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• Chapter 6: RAFT-mediated emulsion polymerization  

The synthesis of AB-type block copolymers in two differing emulsion polymerization 

systems mediated with the monofunctional trithiocarbonate RAFT agent is presented. 

The use of an in situ polymerization where the surfactant is formed simultaneously 

with the formation of the stable emulsion and a conventional ab initio emulsion 

making use of a REDOX combination initiator system to produce block copolymers is 

presented.  

• Chapter 7: Conclusions and recommendations for future research 

General conclusions to the research conducted in this study and recommendations for 

future work are given.  

 9



Chapter 1: Introduction and objectives 

1.8  References 

(1) Moad, G.; Solomon, D. H. The Chemistry of Free Radical Polymerization, 1st 

ed.; Elsevier Science, Oxford , 1995. 

(2) Matyjaszewski, K.; Davis, T. P. Handbook of Radical Polymerization; John 

Wiley and Sons, Hokboken, 2002. 

(3) Moad, G.;  Chiefari, J.;  Chong, B. Y.;  Krstina, J.;  Mayadunne, R. T.;  

Postma, A.;  Rizzardo, E.; Thang, S. H. Polym. Int. 2000, 49, 993-1001. 

(4) Chiefari, J.;  Chong, Y. K. B.;  Ercole, F.;  Krstina, J.;  Jeffery, J.;  Le, T. P. T.;  

Mayadunne, R. T. A.;  Meijs, G. F.;  Moad, C. L.;  Moad, G.;  Rizzardo, E.; 

Thang, S. H. Macromolecules 1998, 31, 5559-5562. 

(5) Rizzardo, E.;  Chiefari, J.;  Mayadunne, R. T. A.;  Moad, G.; Thang, S. H. 

Ameri. Chem. Soc. Symp. Ser. 2000, 768, 278. 

(6) Moad, G.;  Rizzardo, E.; Thang, S. H. Aust. J. Chem. 2005, 58, 379-410. 

(7) Prescott, S. W.;  Ballard, M. J.;  Rizzardo, E.; Gilbert, R. G. Aust. J. Chem. 

2002, 55, 415-424. 

(8) Buttè, A.;  Storti, G.; Morbidelli, M. Macromolecules 2001, 34, 5885-5896. 

(9) de Brouwer, H.;  Tsavalas, J. G.;  Schork, F. J.; Monteiro, M. J. 

Macromolecules 2000, 33, 9239-9246. 

(10) Uzulina, I.;  Kanagasabapathy, S.; Claverie, J. Macromol. Symp. 2000, 150, 

33-38. 

(11) Yang, L.;  Luo, Y.; Li, B. J. Polym. Sci. Part A: Polym. Chem. 2006, 44, 2293-

2306. 

(12) Davis, K. A.; Matyjaszewski, K. Adv. Polym. Sci. 2002, 159, 1-29. 

(13) Perrier, S.;  Takolpuckdee, P.;  Westwood, J.; Lewis, D. M. Macromolecules 

2004, 37, 2709-2717. 

(14) Monteiro, M. J.;  Sjoberg, M.;  Van Der Vlist, J.; Gottgens, C. M. J. Polym. 

Sci. Part A: Polym. Chem. 2000, 38, 4206-4217. 

(15) Smulders, W.;  Jones, C. W.; Schork, F. J. Macromolecules 2004, 37, 9345-

9354. 

(16) Lansalot, M.;  Davis, T. P.; Heuts, J. P.A. Macromolecules 2002, 35, 7582-

7591. 

(17) Pham, B. T. T.;  Nguyen, D.;  Ferguson, C. J.;  Hawkett, B. S.;  Serelis, A. K.; 

Such, C. H. Macromolecules 2003, 36, 8907-8909. 

 10



Chapter 1: Introduction and objectives 

 11

(18) Perrier, S.; Takolpuckdee, P. J. Polym. Sci. Part A: Polym. Chem. 2005, 43, 

5347-5393. 

(19) Chiefari, J.;  Mayadunne, R. T. A.;  Moad, C. L.;  Moad, G.;  Rizzardo, E.;  

Postma, A.;  Skidmore, M. A.; Thang, S. H. Macromolecules 2003, 36, 2273-

2282. 

 

 

 



Chapter 2: Historical and Theoretical Background 

Abstract 

A concise overview of free radical polymerization in heterogeneous aqueous media is 

presented, focusing on conventional emulsion and miniemulsion polymerization systems. 

An introduction to the living free radical polymerization techniques, with special 

emphasis on the reversible addition-fragmentation chain transfer (RAFT) process and its 

development in heterogeneous aqueous media is given.  
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2.1  Free radical polymerization 
Free radical polymerization has been an important research area in the preparation of 

synthetic polymers over the last hundred years.1 Many different methods exist to produce 

polymers but free radical polymerizations have dominated the field, accounting for the 

production of over 50% of all commercially made polymers.1,2 The popularity of this 

technique is due to its ability to polymerize a variety of monomers with the vinyl moiety 

such as styrene and methyl methacrylate. The polymerization can be performed in 

homogeneous (e.g. solution/bulk polymerization) and heterogeneous media (e.g. 

emulsion polymerization). The technique can tolerate trace amounts of impurities (e.g. 

oxygen, additives) and can be conducted at moderate temperatures and pressures.  The 

main shortcoming of free radical polymerization is its inability to control polymer 

structure and functionality. The technique is unable to control molecular weight and 

produces polymers with high polydispersity indexes (>1.5); the production of complex 

architectures such as block copolymers, stars and graft polymers, and polymers with 

defined end groups is limited. The creation of polymers with specific polymer chain 

stereochemistry (tacticity) is virtually impossible.3 

2.1.1   Mechanism and kinetics 

Free radical polymerization occurs via a chain growth mechanism, and involves three 

primary reaction steps containing free radicals:  (1) initiation, (2) propagation and (3) 

termination. Additional side reactions can also occur leading to different polymer 

products and are referred to as chain transfer reactions.  

Step 1:  Initiation 

The first step in free radical polymerization is the generation of radicals. These primary 

radicals produced by various initiation techniques add to the carbon-carbon double bond 

of the monomer and initiate polymerization.   The most common techniques of radical 

generation are thermal initiation, photoinitiation and self-initiation. Thermal initiation 

can be divided into two main classes: azo and peroxy type initiators. These initiators 

decompose on addition of thermal energy to the system and are characterised by a half-

life, the time period during which half of the initiator molecules decompose. 

Photoinitiation, this class of initiators decompose on irradiation with visible or UV light. 
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In self-initiation, the monomer or peroxy compounds that are formed via exposure of the 

reaction mixture to molecular oxygen decompose at high temperatures. Other methods 

used for specific systems are radioactive sources, electro-initiation and chemical 

initiation (REDOX). Most initiator molecules decompose to give two primary radicals,4 

as is shown in Scheme 2.1. The rate coefficient of initiator decomposition, kd, is a value 

unique for all initiators. 

•⎯→⎯ I2Initiator dk  

Scheme 2.1: Decomposition of an initiator. 

Primary radicals are generated by the decomposition of an initiator at a rate described by: 

[ ] [ ]Ikf
dt
Id

d2=
•

    (2.1) 

The factor two accounts for the two radicals generated from one initiator molecule, f is 

the initiator efficiency, i.e. the fraction of radicals that can successfully initiate chains, 

which takes into account solvent cage effects5 and has a value between 0 and unity. [I•] is 

the initiator radical concentration, [I] is the initiator concentration, [I]0 is the initial 

initiator concentration and t is time in seconds.  Simple integration of equation 2.1 yields 

the decreasing initiator concentration as a function of time and is given by: 

[ ] [ ] tke ⋅−⋅= d
0II     (2.2) 

The primary radicals (formed by decomposition of the initiator) react with the vinyl 

monomer (which is typically activated by one or two substituents, referred to as X and Y 

groups, at least one of which is electron withdrawing) to create primary propagating 

radicals2 as shown in Scheme 2.2.  

+ CH2
X

Y
C

Y

X

CH2II

 
Scheme 2.2: Addition of a primary radical to a single monomer unit. 
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Step 2:  Propagation 

The primary propagating radical formed in the initiation step is capable of adding 

successive monomer units and the chain thus propagates as is shown in Scheme 2.3. 

+ CH2
X

Y
I CH2 C

Y

X n

CH2 C

Y

X

I C

Y

X

CH2

n

 
Scheme 2.3: Propagation of a primary radical by subsequent monomer addition. 

The rate of monomer consumption is expressed as: 

[ ] ][M][M •=− pk
dt
Md     (2.3) 

Where kp is the propagating rate coefficient, [M] and [M•] are the monomer concentration 

and propagating radical concentration, respectively. The rate of addition of propagating 

radicals to monomer is affected by the nature of the monomer unit and reactivity of the 

propagating radical.2 Resonance, polar and steric factors resulting from the substituents 

bound to the reacting carbon-carbon double bond (X and Y in Scheme 2.3) and the 

radical centre determine their reactivity and hence the rate of propagation. It is important 

to note that the value of kp is not constant throughout the reaction. Originally it was 

proposed that propagation was chemically controlled and  that the coefficient of 

propagation, kp, was independent of chain length.1 More recently an investigation by Olaj 

et al.6 using pulsed-laser polymerization data proved kp is in fact chain-length dependent.   

It was proposed that at longer chain lengths the attached polymer shields the radical chain 

end, leading to an effective reduction in the monomer concentration experienced by the 

radical and a subsequent decrease in kp. 

Step 3:  Termination 

Propagation would continue until the supply of the monomer is exhausted were it not for 

the strong tendency of radicals to react in pairs to form a covalent bond with a loss in 

radical reactivity. The most common method of termination is the bimolecular reaction of 

propagating radicals that leads to the deactivation of the propagating radical chain ends. 
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The two dominating bimolecular termination modes are combination and 

disproportionation illustrated in Scheme 2.4. 
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Scheme 2.4: Termination processes. 

Termination is a chain-length dependent process,7 as the molecular weight of the chains 

increase there is a decrease in the diffusion rate of the radical chain ends, leading to a 

reduction in the probability of two radical chain ends finding each other and terminating. 

The termination coeffient, kt, is thus chain length dependent and at higher molecular 

weights a decrease in the rate of termination is observed. The rate of termination is given 

by: 

[ ] 2
t ]M[ •      (2.4) 2M•

=
− k

dt
d

Where kt is the termination rate coefficient and the factor two indicates that the 

termination occurs via two radicals. To accurately describe termination two rate 

coefficients are required, one for combination (ktc) and one for disproportionation (ktd); 

combined these give us the overall termination rate coefficient: 

 kt  = ktd + ktc      (2.5) 

Chain transfer 

Chain transfer is  strictly speaking not one of the three fundamental steps in the chain 

growth mechanism of free radical polymerization, it is however important as it causes the 

average molecular weight of the polymer to decrease. Chain transfer comprises a 

reaction, or series of reactions, by which the active centre of polymerization is transferred 

from a growing chain to another molecule. The result is the interruption of the growth of 
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a chain, consequently limiting the molecular weight, without changing the number of 

active species. A true chain transfer reaction does not affect the polymerization rate as the 

newly formed centre forms rapidly and has the same activity as the previous one. The 

chain transfer reaction can take place with any species present during the polymerization 

such as initiator, monomer, polymer, solvent or chain transfer agent (regulator).8 The 

general transfer constant, C, is given as a ratio of the transfer rate coefficient to the 

propagation rate coefficient:  

p

tr

k
kC =      (2.6) 

The chain transfer constants depend on different factors such as temperature, solvent or 

type of monomer. 

2.2 Heterogeneous aqueous polymerization 

2.2.1   General 

Polymeric dispersions created via polymerizations in aqueous systems have recently been 

of great interest to industry.9,10 The environmental concerns of today’s society have 

shown a need to replace solvent-based systems with more environmentally friendly 

water-borne products. Polymer latexes have unique properties and are used in a wide 

variety of high performance products such as paints, adhesives, additives in paper and 

textiles.11-13  

Commercially there are a number of advantages in using aqueous systems over 

conventional homogeneous polymerizations. Operation in water removes the need to use 

hazardous organic solvents and water is an environmentally friendly medium. Free 

radical polymerization is highly exothermic and the use of water, which has a high heat 

capacity, allows the heat of reaction to be readily removed. The latex products contain 

low amounts of residual monomer since higher conversions are obtained than in 

homogeneous processes. The high solids content and low viscosity of the latex products 

enables processing to be carried out in a simple fashion.14  

There are a number of techniques used to produce polymer latexes. Generally, the initial 

reaction mixture consists of an oil-in-water dispersion. The methods differ in the initial 
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formation of the dispersion of droplets and the subsequent size of the initial droplets. The 

poly merization mechanism in each technique leads to a different final particle size 

being formed in each system. The various methods share similarities in the kinetics of 

particle nucleation and growth, and the most important techniques and their main features 

and differences have been included in Figure 2.1.14,15 Some techniques that have been 

excluded but need mention are precipitation, dispersion and inverse emulsion 

polymerization.16 The detailed differences between conventional emulsion and 

miniemulsion will be discussed in Sections 2.2.2 and 2.2.3.  
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Emulsion Before 
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Miniemulsion 
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Microemulsion 

Continuous water phase 
Particle size: 10-30 nm 
Droplet size: 10-30 nm 

Dominant nucleation: Micelle 

Oil and water-soluble initiator 

Spontaneous formation of monomer 
micelles (excess surfactant) 

 

 

 

Suspension 
Continuous water phase 

Particle size: >1 μm 
Droplet size: 1-10 μm 

Dominant nucleation mechanism: 
Droplet 

Oil-soluble initiator 

No surfactant and large monomer 
droplets formed by agitation 

 

 

  

 

Figure 2.1: Various heterophase polymerization techniques. 
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Another distinguishing feature of performing free radical polymerization in 

heterogeneous media is the high level of radical isolation in the polymerization system. 

The propagating radicals are isolated from one another to such a degree that a termination 

reaction between two growing chains becomes less likely. This phenomenon is known as 

compartmentalization.17 The advantage of segregated polymerization sites allows the 

polymerization rate and molecular weight of the polymer to simultaneously be increased, 

by effectively reducing the termination rate.16 This feature is unique to heterogeneous 

aqueous systems and distinguishes it from other polymerization systems. 

2.2.2   Conventional emulsion polymerization 

2.2.2.1   General 

Emulsion polymerization is a free radical initiated polymerization starting from an oil- in-

water dispersion of monomer droplets in an aqueous surfactant solution. The monomer is 

polymerized to give the product, known as a latex.  The continuous phase, namely water, 

acts as a transport medium in which monomer is transferred from droplets to particles, 

where oligomer formation and the dynamic exchange of the surfactant between phases 

occurs. The surfactant provides the sites for particle nucleation (monomer swollen 

micelles) and imparts colloidal stability to the growing particles. Monomers usually used 

in emulsion polymerization are sparingly soluble in water.18 The types of processes 

commonly used in emulsion are batch, semi-batch and continuous.16 

2.2.2.2   Mechanism and kinetics  

The ingredients of the emulsion (monomer, water, initiator and surfactant) are mixed, 

surfactant molecules cluster into micelles swollen with monomer (diameter: 5-10 nm) and 

adsorb on the surface of macro droplets (diameter: 1-10 μm), wherein the majority of the 

monomer is located. Upon heating of the mixture the initiator decomposes to form 

aqueous phase radicals that can propagate with small amounts of monomer dissolved in 

the water phase to produce oligoradicals.17 Particle nucleation begins at this point via one 

or more mechanisms. Three major mechanisms have been proposed for particle 

formation:16  
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 Micellar nucleation  

Oligoradicals or single radicals generated from the initiator in the aqueous phase enter the 

monomer-swollen surfactant micelles and initiate polymerization by propagating with 

monomer to form monomer-swollen polymer particles.  Monomer-swollen micelles that 

are not nucleated give up their surfactant and monomer to the growing particles. The 

macro monomer droplets serve as reservoirs to the growing polymer particles, supplying 

monomer by diffusion through the aqueous phase. The diffusion of monomer continues 

until the macro monomer droplets are exhausted, which usually occurs at about 30-40% 

conversion.  

 Homogeneous nucleation  

Radicals generated in the aqueous phase propagate with monomer until they reach a chain 

length that exceeds their solubility limit in water and subsequently precipitate out of 

solution. The precipitated oligomers form aggregates or primary particles, which are 

stabilized by adsorbing surfactant, and propagate further by absorbing monomer by 

diffusion. These primary particles coagulate with themselves or with growing stable 

particles.  

 Droplet nucleation  

The droplet nucleation mechanism occurs when the macro monomer droplets are 

polymerized via radicals that enter from the aqueous phase and propagate to form 

polymer particles. The colloidal stability is maintained by the adsorption of surfactant 

molecules on the surface of the monomer droplets. In conventional emulsion the 

extremely large total surface area of micelles compared to monomer droplets favours the 

participation of micelles in the initial absorption of the oligoradicals from the aqueous 

phase. Thus, droplet nucleation can be considered insignificant because of the very small 

surface area associated with the large monomer droplets.19 In miniemulsion the dominant 

nucleation mechanism is droplet nucleation, due to the system consisting mostly of 

stabilized droplets and very few micelles.  

In conventional emulsion polymerization all three nucleation mechanisms operate 

simultaneously to form polymer particles. One mechanism usually dominates particle 

formation in a given system, depending on the surfactant concentration, the monomer 

 21



Chapter 2: Historical and theoretical background 

solubility in the aqueous phase and the level of subdivision of the monomer droplets.16 

The polymer particles, swollen with monomer, are the main sites for propagation and 

continue to grow by the diffusion of monomer through the water phase. The stability of 

the particles is maintained by the redistribution of surfactant molecules from uninitiated 

micelles and from the surface of the diminishing macro monomer droplets. Once all the 

monomer has been depleted the polymerization within the particle continues until all the 

monomer has been polymerized. The latex product consists of surfactant stabilized sub-

micron particles dispersed in the aqueous phase.  

The formation and growth of particles occur in different stages of the polymerization 

process. In order to get a better understanding of these mechanisms and how they affect 

the kinetics of the polymerization system, the three intervals in conventional emulsion 

polymerization as described by Harkins et al.20,21 will be discussed. The three intervals 

are illustrated in Figure 2.2.  
 
 

 

 

 

 

 

 

 

Figure 2.2: The three rate intervals  involved in a conventional emulsion 
polymerization20,21   

Interval I: Particle formation stage 

Interval I represents the nucleation stage in which both the particle number and 

polymerization rate increase due to particle formation. The particle number will increase 

to a maximum value and this is achieved once all the micelles have disappeared, as they 
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are the main source of new particles. At this point the number of polymer particles will 

stay constant, which marks the beginning of interval II. 

Interval II: Particle growth stage 

In interval II the existing polymer particles continue to grow through the polymerization 

of monomer that diffuses from the macro monomer droplets (which act as reservoirs). 

The particle number is assumed to remain constant in this interval as ideally no new 

particles are nucleated. The rate of polymerization during interval II is usually considered 

to be constant for two reasons. Firstly, the monomer concentration within the particle, as 

defined by equilibrium thermodynamics, is approximately constant in the presence of 

excess monomer. Mass transfer is assumed to be fast and particle size has little effect on 

this concentration. Secondly, emulsion polymerization kinetics tends to give a constant 

radical concentration within the particles.15 

Interval III: Autoacceleration effect 

Interval III is marked by a decrease in the polymerization rate, at which point the 

monomer droplets disappear and there is a decreasing concentration of monomer within 

the polymer particles. The particle number remains constant during this period. A small 

increase in rate can be seen late in interval III and is attributed to a decrease in the 

termination rate between radicals inside the particles due to the internal viscosity of the 

particles. This phenomenon is known as the “Trommsdorff”23 or autoacceleration24 

effect.   

Important parameters in the kinetics of emulsion polymerization are the instantaneous 

rate of polymerization, Rp, shown in equation 2.7, and the number average degree of 

polymerization, DPn, shown in equation 2.8.  

A

p
p N

Nnk
R

[M]
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Where kp is the rate coefficient for propagation, [M] the monomer concentration in the 

latex particles, n  the average number of radicals per particle, N the number of latex 

particles per unit volume, Ri the rate of radical generation, and NA the Avagadro constant. 

Equations 2.7 and 2.8 illustrate how the molecular weight and rate can be manipulated to 

achieve the optimum process conditions. By simply increasing the number of polymer 

particles, N, at a constant initiator concentration the polymerization rate and molecular 

weight can be simultaneously increased. The number of particles can easily be changed in 

heterogeneous aqueous systems by varying the experimental conditions. This clearly 

indicates the flexibility and benefits of these systems over their homogeneous 

counterparts. The average number of radicals per particle, n , is a key parameter in 

emulsion kinetics and determines both the rate and molecular weight evolution during the 

polymerization.  This parameter is a function of the rate of radical generation, the number 

of polymer particles, and the efficiency of radical entry into the particles, radical exit and 

termination reactions.16  

Rate data in emulsion polymerization is interpreted according to two kinetic models, 

based on the entry and exit of radicals from particles. The average number of radicals per 

particle, n , differentiates the two models. 

Zero-one 

The effect of compartmentalization of radicals into particles is strong in zero-one systems 

and the radicals in one particle are unable to react with radicals in another particle. There 

may be zero or one radical present in a particle at any time because termination is 

sufficiently fast to allow the case where two radicals existing in a particle to be neglected.  

Zero-one systems exist when n  ≤ 0.5. The entry of a radical into a particle already 

containing a radical causes termination at a rate that is much more rapid than the overall 

polymerization.25  

Pseudo-bulk 

The effects of compartmentalization of radicals into particles are weak in pseudo-bulk 

systems and the radicals frequently move between particles. The average number of 

radicals per particle is large, n  >> 0.5. The kinetic properties are unaffected by the 

compartmentalized nature of the locus of polymerization and the numerous radicals in a 
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particle make it identical to a corresponding bulk system.  There is however a case when 

n  << 0.5 that can also be pseudo-bulk, for example when radical desorption results in the 

desorbed radical re-entering another particle, where termination can occur.25   

2.2.3  Miniemulsion  

2.2.3.1   General  

An advanced heterogeneous aqueous polymerization technique, referred to as 

miniemulsion, is often used to decrease the number of variables and system requirements 

for the formation of a polymer latex. The concept was first introduced by Ugelstad et al.26 

in 1973. Miniemulsions are simply defined as aqueous dispersions of relatively stable oil 

droplets ranging in size from 30-500 nm prepared by a shearing system. The main 

components of a miniemulsion are monomer, water, initiator, surfactant and co-

surfactant. Common co-surfactants are long-chain alcohols (e.g. cetyl alcohol) and 

alkanes (e.g. hexadecane).16 The oil and water phases are separately mixed, combined 

and subjected to highly efficient shearing.11,27 In the laboratory sonication is the most 

popular technique, where the initial mixture is emulsified via a fusion-fission process to 

produce a homogeneous dispersion of small stable sub-micron monomer droplets. 

Droplet size is determined by the amount and type of surfactant added prior to 

sonication.28 The monomer droplet size changes rapidly during sonication until it reaches 

a steady state, where the size of the monomer droplet is no longer a function of the 

applied energy. Other mechanical emulsification devices include micro fluidizers and 

rotor-stator type homogenizers.15  

Miniemulsions share similarities with conventional emulsion systems such as 

compartmentalization of radical species.17 The main differences are the particle 

nucleation mechanism and the transfer of the reagents within each system.22 As described 

in Section 2.2.2.2, particle nucleation in conventional emulsion occurs via three 

mechanisms, namely micellar (the dominating mechanism), homogenous and droplet. In 

miniemulsion polymerization the polymer particles are ideally a one-to-one copy of the 

original droplets. The droplets can be considered as nanoreactors, which act 

independently while being converted into polymer particles,29,30 and the dominant 

nucleation mechanism is droplet nucleation.26,30 The droplet surface area is very large and 
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most of the surfactant is adsorbed at the droplet surface. The absence of free surfactant in 

the aqueous phase and subsequent micelles reduces the occurrence of homogenous and 

micellar nucleation.15 The single nucleation mechanism eliminates the complication of 

different nucleation loci and various transportation issues seen in a conventional emulsion 

polymerization system and greatly simplifies the polymerization kinetics.   

2.2.3.2   Stability of miniemulsions 

There are two ways in which a dispersion of monomer droplets can degrade: 

1) Droplet coalescence. Degradation can occur via coalescence of interactive monomer 

droplets due to attractive van der Waals forces. A thin liquid film separates two 

adjacent particles and when this is ruptured the neighboring droplets combine.22  

2) Diffusional degradation (often referred to as Ostwald ripening). When a liquid 

emulsion is subjected to high shear there will be a statistical distribution of droplet 

sizes. The monomer (if even slightly soluble in the water phase) will, over time, 

diffuse from smaller droplets, with a higher chemical potential, to larger droplets. 

This results in a lower interfacial area and energy since the loss in interfacial area of 

the smaller droplets is larger than the gain in interfacial energy of the larger droplets. 

The loss in energy is the driving force for the degradation of small droplets, i.e. 

Ostwald ripening.15 

If these two degradation processes are not addressed then the initial miniemulsion 

mixture on addition of initiator, heating and stirring, will produce large monomer droplets 

and will polymerize via a conventional emulsion mechanism, which is undesirable when 

attempting to operate under optimum miniemulsion conditions. In order to maintain the 

stability of the miniemulsion and prevent these two processes a surfactant and 

hydrophobe are added. The role of each additive is described as follows:  

Surfactant: Droplet coalescence is minimized by the addition of surfactant. The 

surfactant molecules supply coverage on the droplet surface, which provides the colloidal 

system with sufficient electrostatic and/or steric repulsion forces to counteract van der 

Waals forces.22 The colloidal stability is usually controlled by the type and amount of 

surfactant. The fusion-fission rate equilibrium during sonication, and therefore the size of 
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the droplets directly after primary equilibration, also depends on the amount of 

surfactant.31 

Hydrophobe: Its main function is to prevent Ostwald ripening.  The hydrophobe 

is usually a low molecular weight oil-soluble molecule that is highly water insoluble to 

prevent its diffusion out of the monomer droplets. The hydrophobe reduces the diffusion 

rate of monomer from the droplets; the diffusional degradation of monomer droplets 

containing hydrophobe will cause a gradient in the concentration of hydrophobe between 

large and small droplets. The highly water insoluble hydrophobe is not capable of 

diffusion and will build up an osmotic pressure to reverse the monomer transfer between 

small and large droplets, thus preventing Ostwald ripening.22 A commonly used 

hydrophobe is hexadecane (HD).26,32 

2.2.3.3   Important components of miniemulsion systems 

Surfactants 

The main two classes of surfactants used for the stabilization of emulsion systems are 

ionic and non-ionic. Less commonly used surfactant systems include mixed anionic/non-

ionic33  and non-reactive and reactive surfactants.34  

Ionic: This class of surfactants is divided into anionic and cationic. Ionic 

surfactants operate on the basis of electrostatic repulsions between approaching colloidal 

particles to maintain stability.35 The most commonly used surfactants described in the 

literature are anionic, due to their widespread application in conventional emulsion and 

miniemulsion polymerizations.16 Landfester and co-workers successfully used cationic 

surfactants in various miniemulsions.36  

Non-ionic: This class of surfactants works on the basis of steric stabilization to 

prevent coalescence.37 These surfactants consist of a distribution of homologue 

molecules, i.e. chains with varying lengths of ethylene oxide and alkyl units. Non-ionic 

surfactants are known to be less efficient surfactants than ionic surfactants and produce 

latexes with a larger particle size and broader particle distribution.27 However, non-ionic 

surfactants provide better control over particle morphology and enhance post-

polymerization colloidal stability against mechanical shear, freezing and added 

electrolytes.16  
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Initiators 

Water-soluble initiators: Common water-soluble initiators include salts of 

peroxydisulphate. A frequently used initiator in the literature is potassium persulphate 

(KPS). The formation of primary radicals occurs in the water phase and these radicals 

then enter the monomer droplets. In order to be hydrophobic enough the primary radical 

must add a few monomer units (forming an oligoradical) before entering the droplet.25 

Oil-soluble initiators: Common oil-soluble initiators include benzoyl peroxide 

(BPO), lauroyl peroxide (LPO) and azobis(isobutyronitrile) (AIBN).38 Oil-soluble 

initiators are dissolved in the oil phase prior to emulsification. They are the preferred 

choice of initiation for monomers with high water solubility or extremely low water 

solubility.27 When oil-soluble initiators are used, similar kinetics to water-soluble 

initiators is found and is attributed to the formation of single radicals within particles.39 

Two mechanisms have been proposed for the formation of single radicals within particles 

for oil-soluble initiators. The decomposition of the initiator produces two radicals within 

the particle: one radical desorbs leaving the other radical inside the particle.40 Secondly, 

single radicals in the aqueous phase (formed from a small fraction of oil-soluble initiator 

dissolved in the water phase) enter the particles.41  

2.2.3.4   Mechanism and kinetics  

Conventional emulsions and miniemulsions share many similarities in terms of 

mechanism and the resulting kinetics. The kinetics and mechanism of a conventional 

emulsion polymerization was explained in detail in Section 2.2.2.2, in the current section 

a clear differentiation between the two processes will be made.  

In miniemulsion polymerization the reaction mixture consists of a dispersion of stable 

monomer droplets.  Theoretically for an ideal miniemulsion, droplet nucleation is the 

dominant mechanism and, due to the statistics of radical entry and overall size, every 

droplet is nucleated, but this is rarely achieved in practice. Once all the initial droplets 

have been nucleated it can be expected that no new particles are generated during the 

course of the polymerization and thus the number of particles does not change.27 

Bechthold et al.28 studied the kinetic behaviour of styrene miniemulsions with 

hexadecane as hydrophobe and a water-soluble initiator by the use of calorimetry. Three 
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distinct intervals throughout the course of the reaction were identified. Referring back to 

Harkin’s model of conventional emulsion  (see Figure 2.2)20,21 it was identified that in 

miniemulsion interval II is absent, indicating that no diffusion of monomer to 

polymerization loci occurs (as takes place in conventional emulsion polymerization). 

Intervals I and III are present as well as an additional interval IV that describes the 

autoacceleration effect. The three intervals in miniemulsion polymerization are shown in 

Figure 2.3. 
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Figure 2.3: The three rate intervals involved in a miniemulsion polymerization.28 

Interval I 

The first interval is the period of particle nucleation. Each of the droplets formed during 

emulsification reaches an equilibrium radical concentration once all particles are 

nucleated, which usually occurs at around 10% conversion.  From kinetic considerations 

it is concluded that in this stage primary initiator radicals react with a few monomer units 

in the water phase to form oligoradicals, which are then hydrophobic enough to enter the 

monomer droplets. The number of radicals per particle slowly increases from n  = 0 to ~ 

0.5 in interval I. The rate of polymerization increases throughout and reaches a maximum 

value, which denotes the beginning of interval III.  

Interval III 

No new particles are nucleated in interval III and the monomer is exponentially depleted 
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are the only source of monomer within the system). The kinetics within this interval is 

similar to the kinetics in bulk and suspension polymerization.  The constant consumption 

of monomer and its conversion into polymer causes the rate of polymerization to 

exponentially decrease. The number of radicals per particle, n , during interval III 

remains constant at a value of 0.5, indicating that the system obeys the zero-one 

mechanism known for conventional emulsion polymerization (see Section 2.2.2.2).  

Interval IV 

As the monomer is depleted and the chains reach higher molecular weights, there is an 

increase of viscosity within the particles. The polymerization rate slightly increases due 

to the inability of the chains to move, and thus terminate. A resulting increase in the 

number of radicals per particle, n , is seen within interval IV. The increase in 

polymerization rate is referred to as the autoacceleration24 effect and an associated gel 

peak is observed in Figure 2.3.  

In miniemulsion systems the rate of polymerization, illustrated by equation 2.7, is directly 

dependent on the number of particles. The influence of the various components in a 

miniemulsion polymerization on kinetics, i.e. the number of particles (particle size) and 

the rate of polymerization, will briefly be discussed below.  

 Hexadecane (hydrophobe) concentration: An increase in hexadecane 

concentration causes a decrease in the polymerization rate.42 Hexadecane promotes 

swelling in the miniemulsion droplets and thus changes their particle size. This, in turn, 

decreases the concentration of monomer in the polymer particles, thus reducing the 

effective rate of polymerization.  

Surfactant concentration: The polymerization rate is increased by increasing the 

shear rate and the concentration of surfactant. The increased rate is attributed to the 

decrease in particle size.32 (The polymerization rate increases with increasing particle 

number, i.e. decreasing particle size.) 
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2.3  Living radical polymerization (LRP) 

2.3.1   General 

The term living polymerization was first used to describe polymerization processes in 

which polymers retain their ability to propagate and grow to a predetermined size, 

without undergoing chain transfer or irreversible termination.43 In recent years there has 

been considerable effort to produce new and novel polymeric materials via free radical 

polymerization techniques that exhibit characteristics of living polymerization.1,44 The 

current definition of living free radical polymerization is still under debate, but is 

generally accepted to be polymerization systems that are capable of controlling the 

molecular size and structure of polymers. This broad definition refers to the fact that 

polymers with predictable molecular weights, narrow molecular weight distributions and 

complex architectures can be produced.3   Living techniques are advantageous over 

conventional free radical polymerizations that do not allow for such control. The three 

main LRP techniques are NMP, ATRP and RAFT,45-47  which will be discussed in more 

detail in Sections 2.3.2.1-2.3.2.3.  

The main features of living radical polymerization techniques are:2 

• Narrow molecular weight distributions (i.e. low polydispersities, <1.5)  

• A linear increase in molecular weight with conversion 

• A linear kinetic plot in terms of semi-logarithmic co-ordinates ln ([M]0 / [M]) vs. 

time, where [M]0 is the initial monomer concentration 

• The ability to achieve chain extension, to form block copolymers, by the simple 

addition of more monomer 

The mechanism of LRP requires that three prerequisites be fulfilled, namely:3 

1. Chain initiation must be fast and quantative.  

Ideally, all chains are initiated simultaneously and initiation should be over at low 

conversions. Fast initiation ensures that the chains grow under identical conditions 

and all have approximately the same degree of polymerization, ensuring that the 

polydispersity of the resulting polymer is low. 

2. The percentage of terminated chains should be minimal. 
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The termination of chains is keep to a minimum by keeping the concentration of 

propagating chains low.48,49 The concentration of growing chains is reduced by 

“capping” the radical chain end with a non-radical moiety (“capping group”) to 

produce a dormant chain. The capping group must be labile enough to be removed 

so that a dormant chain becomes active and vice versa. Ideally, at any time the 

majority of chains should be dormant and a small amount should be active, 

bearing the propagating radical. In this way equilibrium is established between 

dormant and active chains, as shown in Scheme 2.5.  
Activation

Deactivation

propagation

Dormant polymer Active polymer    +      Capping group

M 
 

Scheme 2.5: General LRP equilibrium between dormant and active chains. 

3. Exchange between active and dormant species must be fast relative to 

propagation. 

The use of the capping group alone is not enough to gain sufficient control over 

the molecular weight and the molecular weight distribution. The exchange 

between active and dormant species must not only favour the dormant species: the 

capping group must leave and rejoin the polymer chain fast enough to allow for 

only a few propagation steps (<10) in each activation cycle. If the exchange 

between dormant and active species is rapid compared to propagation, the chains 

are all initiated so rapidly that they will grow in a step-wise manner, resulting in 

controlled growth and a low polydispersity value for the final polymer. 

2.3.2   Living radical polymerization techniques 

2.3.2.1   Nitroxide-mediated polymerization (NMP) 

The development of nitroxides as mediators in LRP stems from the original work by 

Solomon, Rizzardo and Moad.50 The work was further refined by Georges et al.51 who 

introduced the stable nitroxide radical, 2,2,6,6-tetramethylpiperdine-1-oxyl (TEMPO), in 

the presence of benzoyl peroxide to mediate the polymerization of styrene. The basic 

principle of nitroxide-mediated LRP, as described by Hawker,52 makes use of an 
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alkoxyamine that thermally decomposes to produce an alkyl radical and a stable nitroxide 

radical. The alkyl radical can initiate polymerization while the nitroxide radical reversibly 

caps the growing polymer chain, reducing the radical concentration and, in this fashion, 

reducing the probability of termination. In this way the polymerization fulfils the 

fundamental requirements of a LRP. The major disadvantages of NMP are its inability to 

be used with a wide variety of monomers and the high required operating temperatures. 

An in depth review on the development and future aspects of NMP is given by Hawker et 

al.45  

2.3.2.2   Atom transfer radical polymerization (ATRP) 

ATRP originates from the atom transfer radical addition (ATRA) reactions developed 

from the 1940’s to 1960’s.53 The concept of ATRP was first introduced in 1995 by two 

separate research groups; the so-called transition-metal-mediated radical polymerization 

was pioneered by Sawamoto et al.54 and atom transfer radical polymerization was 

simultaneously begun by Wang and Matyjaszewski.55 The name ATRP comes from the 

fundamental atom transfer step, which controls the growth of the chains.56 The basic 

mechanism of ATRP involves the activation of an initiator (either an alkyl halide or a 

substituted arylsulphonyl halide57), RX, by reversible abstraction of a halogen activated 

by a transition metal complex, Mt
n / L, to form an active radical species, R•, which 

initiates polymerization. Since the halogen abstraction is reversible, a dynamic 

equilibrium is established between dormant and active species. The high efficiency of the 

transition metal catalyzed atom transfer reaction reduces the concentration of free 

radicals, resulting in much less frequent termination, and confers living characteristics to 

the system. The use of a metal species during polymerization proves to be a disadvantage 

of the ATRP systems as this species acts as an impurity in the final polymer. Removal of 

the catalyst is needed before the polymer can be utilized in its final application.46 

2.3.2.3   Reversible addition-fragmentation chain transfer (RAFT) 

The RAFT process is the most recently developed living radical polymerization 

technique; it was first introduced by Rizzardo and co workers in 1998.58 It has been 

shown that the RAFT process is the most versatile LRP technique,59-61 with the ability to 

control molecular weight and structure under a wide range of reaction conditions. The 
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RAFT process has been successfully used in heterogeneous media (emulsion, 

miniemulsion, suspension) and homogeneous media (bulk, solution).62 The process shows 

compatibility with a wide variety of monomers, solvents and initiators.63 The key 

parameter in the RAFT process is the use of a chain transfer agent (CTA), referred to as a 

RAFT agent, which is a compound containing a thiocarbonyl thio moiety with a general 

structure64 as given in Scheme 2.6. Common RAFT agents are dithioesters,65-69 

dithiocarbamates,59,70,71 trithiocarbonates,72-77 dithiobenzoates58,60,78,79 and xanthates70,75.  

Z

S

S

R

Z, stabilizing group

R,  leaving group 
 

Scheme 2.6: General structure of a RAFT agent. 

In order to better understand the RAFT process a brief overview of the kinetics and 

mechanism, as well as important aspects of the RAFT agents and their affect on the 

system, will be looked at in the subsequent sections. Since this study focuses on the 

synthesis of complex architectures via the RAFT process a short summary of the different 

structures that can be produced will also be mentioned.  

Mechanism and kinetics 

The RAFT process is similar to a conventional free radical polymerization. In a RAFT -

mediated polymerization the addition of a chain transfer agent (RAFT agent) to a 

standard free radical polymerization system allows for exchange of the active centre 

between growing radical chains, present in very low concentrations, and dormant 

polymeric chains, present at higher concentration, to occur. The transfer reaction 

minimizes termination and allows for the regulated growth of the polymer chains. The 

general accepted mechanism of RAFT-mediated polymerization is given in Scheme 

2.7.60,80,81  
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Scheme 2.7: The RAFT mechanism. 

The initiation step involves the decomposition of the initiator to produce a radical 

species, which subsequently reacts with monomer to form a polymeric chain. In the chain 

transfer step this growing polymeric chain (Pn
•) rapidly adds to the reactive thiocarbonyl 

bond of the RAFT agent (1) to form a radical intermediate (2). Fragmentation of the 

radical intermediate occurs reversibly either toward the initial growing chain or to form 

the leaving group radical (R•) and the macro chain transfer agent (3). In the reinitiation 

step the R group reinitiates polymerization by reacting with monomer and starting a new 

chain that further propagates or adds to the macro chain transfer agent. Once all the 

RAFT agent is consumed, the system enters the chain equilibration step. The equilibrium 

between active and dormant chains is considered as the main equilibrium62 and ensures 

equal probabilities for all chains to grow, allowing the production of polymers with 

narrow molecular weight distributions. If the concentration of initiator is kept low, 
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initiator-derived chains will be kept to a minimum and the majority of chains will have 

the R group on one end and the thiocarbonyl thio moiety on the other. A common feature 

of all free radical polymerizations is the presence of some termination products. In the 

RAFT process termination cannot be avoided completely but the probability of it 

occurring is greatly reduced by keeping the concentration of propagating chains low. A 

number of studies have proven the presence of initiator-derived chains.82,83 These are a 

small number of chains terminated by the thiocarbonyl thio moiety that are initiated by 

the free radical initiator. The amount of dead chains formed in a RAFT polymerization 

can be calculated by comparing the number of moles of polymer formed to the moles of 

RAFT agent used.61 The number average molecular weight( nM ) of RAFT 

polymerizations can conveniently be predicted;60 if it is assumed that all the RAFT agents 

have reacted, the theoretical number average molecular weight is given by:  

(RAFT) Mw
)1(][2]RAFT[

(M)Mw[M]M
0

theorn, +
−+
××

= − tkdeIf
x    (2.9) 

Where theorn,M  is the theoretical number average molecular weight; [M] and [RAFT] are 

the concentrations of the monomer and RAFT agent, respectively; Mw(M) and Mw 

(RAFT) are the molecular weights of the monomer and RAFT agent, respectively; x is the 

fractional conversion and [I]0 the initial concentration of initiator.  

An interesting observation in RAFT-mediated polymerization kinetics is the rate 

retardation of these systems compared to those of conventional free radical 

polymerization. A further decrease in polymerization rate is also seen when the RAFT 

agent concentration is increased.  The retardation effect is more pronounced in 

dithiobenzoate84 RAFT agent systems than in aliphatic dithioesters85 and 

trithiocarbonates.86 The cause of the rate retardation in RAFT-mediated polymerization is 

currently the subject of an ongoing international debate.62 There are two different 

proposed justifications for the reduction in rate and both research groups provide 

substantiating evidence to support their hypotheses. The reasons proposed are: 

1. side reactions involving the intermediate radical83,87-89 

2.   slow fragmentation of the intermediate radicals90-93 
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Choice of RAFT agent (effect of R and Z groups) 

The key structural features of the thiocarbonyl thio based RAFT agents are the reactive 

C=S bond and the weak S-R bond. RAFT agent activity is controlled by a complex 

interplay of polar, steric, bond strength and stereoelectric effects. The selection of the 

stabilizing Z group and the leaving R group is important in determining both the addition 

and fragmentation rates and thus the effectiveness of the RAFT agent.94,95  

The R group serves a dual function; it is required to be a good leaving group in respect to 

the growing polymeric chain and must be efficient in reinitiating polymerization.94,96 The 

R group contributes towards the stabilization of the radical intermediate but to a lesser 

extent than the Z group. When choosing an R group important parameters such as the 

stability of the expelled radical, steric bulk and polarity need to be considered.  

Experimental data and ab initio97 calculations suggest guidelines for the selection of R 

groups, as shown in Scheme 2.8. 
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Scheme 2.8: Guidelines for the selection of the R group.62 

The Z group modifies the reactivity of the RAFT agent and strongly influences the 

stability of the derived thiocarbonyl thio radical intermediate. The use of strongly 

stabilizing groups will favour the formation of the intermediate and hence the reactivity 

of the carbonyl thio bond toward radical addition.58 The differences in transfer coefficient 

reflect the influence of the Z group on the rate of free radical addition to the carbonyl thio 

bond. Numerous studies, in which various monomers have been used have shown that the 

ideal Z group is the phenyl group, as it finely balances the stability of the radical 

intermediate with its reactivity towards fragmentation.70,95,98,99 

Experimental data95 and ab initio calculations97 suggest the following guidelines for the 

selection of Z groups (in order of decreasing transfer coefficients):  

Ph > S-CH3 > benzyl > methyl > N-lactam > OCH2CF3 > O CH2 CH3 > N(alkyl). 
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Molecular architectures prepared by RAFT  

The production of complex architectures is a feature common to all living free radical 

techniques. Focusing on the RAFT process, in addition to allowing for the introduction of 

a wide variety of functionalities through the use of different monomers, it is possible to 

prepare a number of complex architectures. The various molecular designs are shown in 

Scheme 2.9. 
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Homopolymer Copolymer

 
Scheme 2.9: Polymer architectures that can be  prepared by the RAFT process. 

Additional architectures successfully made by the RAFT process but not shown in the 

scheme are telechelic (co)polymers, comb/brush polymers, hyperbranched and network 

(co)polymers.  

2.3.2.4   RAFT in heterogeneous aqueous media 

The use of the RAFT process in dispersed systems such as emulsion and miniemulsion 

has received considerable attention recently due to its process and economic advantages 

over the traditional bulk and solution polymerization techniques.17,69,100,101 Butte et al.102 

states that the use of RAFT in heterogeneous systems is advantageous because of the 
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compartmentalization effect-irreversible termination can be suppressed while maintaining 

a high polymerization rate- and it was proposed that the RAFT process was the most 

flexible living technique to use in heterogeneous media. An important feature to note is 

that because of interfacial and aqueous phase events in heterogeneous aqueous systems, 

the kinetics of RAFT- mediated polymerization in emulsion is considerably altered when 

compared to bulk/solution systems.81,103 According to the conventional emulsion 

mechanism, the RAFT agent must be transported from the macro monomer droplets to 

the polymerization loci during polymerization. The transportation issues of RAFT agents 

complicate the kinetics of the system and lead to several problems, including loss in 

control of the polymerization.69 The use of miniemulsion polymerization eliminates the 

need of aqueous phase transport of RAFT agent, since in an ideal miniemulsion the 

RAFT agent is at the polymerization loci (monomer droplets) from the beginning of the 

reaction. All the chains experience approximately the same lifetime and the RAFT agent 

is homogeneously distributed between the particles so that a similar average molecular 

weight is obtained in all polymer particles.29,69 Ideally, in a miniemulsion system all 

monomer droplets should be converted into polymer particles. In reality however, the 

miniemulsion process is not perfect, some of the initial droplets are not nucleated and act 

as monomer reservoirs to the growing particles. The RAFT agents are thus transported 

across the aqueous phase and complicate the overall process.81  

The use of the RAFT process in heterogeneous systems has encountered numerous 

problems.69,104 Common problems reported in RAFT emulsion/miniemulsion systems can 

be summarised as follows:  

• Poor colloidal stability: During the polymerization, phase separation leading to 

the formation of highly coloured layers is observed and high levels of coagulum is 

often reported29,101,105,106 

• Rate retardation: A slower rate of polymerization is observed when compared to 

non-RAFT systems 29,101,105-108 

• High PDI and loss of molecular weight control61,102,106,108,109 
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• Induction period: A period in which no polymerization occurs is more pronounced 

in RAFT-mediated emulsion/miniemulsion systems than seen in the 

corresponding bulk/solution processes66,69,110 

The reasons for these occurrences and possible solutions have been the subject of many 

investigations over the past six years. A concise summary of the progress made to combat 

these problems will be discussed, with specific focus on the RAFT miniemulsion 

polymerization systems.   

Progress in RAFT-mediated miniemulsions  

The occurrence of rate retardation and colloidal instability in RAFT-mediated 

miniemulsion polymerization was first encountered by De Brouwer et al.29 The use of 

non-ionic instead of ionic surfactants proved helpful in producing stable latexes with 

control of the molecular weight, but considerable rate retardation was still observed. This  

sparked  subsequent investigations into the phenomenon of rate retardation and colloidal 

instability exhibited in RAFT-mediated miniemulsion polymerization. After the initial 

findings by De Brouwer,29 Butte et al.111 and Lansalot et al.108 found that when the 

anionic surfactant SDS was used in combination with high concentrations of hydrophobe 

(hexadecane), no colloidal instability was seen but high PDI values and rate retardation 

were still present. Tsavalas et al.107 also reported stability problems and rate retardation 

when ionic surfactants were employed; the retardation effect was related to the exit of R•, 

the radical resulting from the first transfer with the RAFT agent. It was concluded that the 

exit of this radical from the polymer particles led to a low nucleation efficiency and a low 

polymerization rate. The destabilization of the miniemulsion was attributed to the 

formation of large amounts of oligomers early in the polymerization.  The formation of 

oligomers was found to alter the kinetics of radical desorption, termination and droplet 

nucleation. After the initial proposal that the colloidal instability was caused by oligomer 

formation a theoretical investigation by Luo et al.112, simulating the swelling behaviour of 

oligomers formed in the early stages of RAFT-mediated miniemulsion, was carried out. 

The colloidal instability, broadening of the particle size distribution, low nucleation 

efficiency and high PDI values commonly observed in RAFT miniemulsion was 

attributed to “super-swelling” of particles early in the polymerization. The super-swelling 

theory was successfully used to explain experimental observations about the influence of 
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the RAFT agent structure, levels of surfactant and hydrophobe, initiation rate, particle 

size distribution, molecular weight and its distribution.113 Investigations that followed 

tried to bypass the oligomer formation stage by using preformed dithiobenzoate end-

capped oligomers114 and oligomeric 1-phenylethyl phenyl-dithioacetate.108 It was found 

that this did indeed increase the polymerization rate with no loss in colloidal stability but 

high PDI values were still observed.  

Apart from the formation of oligomers early in the reaction another proposed explanation 

for the destabilization of RAFT-mediated miniemulsions was the transportation of the 

RAFT agent within the system. In RAFT-mediated miniemulsions not all of the droplets 

are nucleated and converted into polymer particles. The non-nucleated droplets act as 

monomer reservoirs and supply monomer to the growing polymer particles. The RAFT 

agents existing in these reservoirs will have to be transported across the aqueous phase to 

the growing polymer particles. The transportation of RAFT agent has been shown to 

affect the colloidal stability of the miniemulsion.115 Prescott et al.69 reported the use of 

acetone as a solubilizer, which assisted the transport of RAFT agent through the aqueous 

phase in a seeded emulsion polymerization and successfully produced controlled latexes. 

Similarly, in a miniemulsion system, it was found that β-cyclodextrin could be used as a 

stabilizer and solubilizer to assist the transport of the RAFT agent, which resulted in a 

controlled system, free of colloidal instability.116  

The structure of the RAFT agent was also shown to play an important role in determining 

the polymerization rate, molecular weight distribution and particle size in RAFT-

mediated miniemulsions.108 A study of RAFT-mediated emulsion polymerization 

revealed that the diffusion of RAFT agents through the aqueous phase is dependant on 

their water solubility.117 The more hydrophobic the RAFT agent the higher the molecular 

weight control that was achieved.  

RAFT mediated miniemulsion polymerization has progressed substantially since its first 

appearance in 2000. The main reasons for the problems commonly associated with 

RAFT-mediated miniemulsion polymerization and the possible solutions thereof have 

now been highlighted. Most recently, investigations taking into account all these findings 

have proposed optimum conditions for RAFT-mediated miniemulsions.118,119 These 
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studies have overcome the problem of colloidal instability and rate retardation, producing 

controlled latexes with low PDI values. 
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Chapter 3: 

 RAFT Agent Synthesis and Analysis of Polymers and 

Latexes  

Abstract 

This chapter describes the synthetic techniques used to prepare trithiocarbonate RAFT 

agents, as well as the analytical techniques used to characterise the homopolymers and 

block copolymers produced in the homogenous and heterogeneous polymerization 

systems. 
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3.1  RAFT agent synthesis 
The use of trithiocarbonate RAFT agents to mediate RAFT polymerizations has recently 

received significant interest.1-5 An advantage of such chain transfer agents is their ability 

to mediate polymerization at a fast rate1, leading to the elimination of rate retardation 

commonly observed in dithiobenzoate RAFT-mediated polymerizations.6-9 

Trithiocarbonate RAFT agents also lead to more flexibility in terms of functionality (i.e. 

the production of multifunctional trithiocarbonate RAFT agents with more than one 

RAFT moiety and variation of the Z and R groups is easily achieved) and form less 

coloured polymers than those produced by dithiobenzoates.10  

Trithiocarbonates have the general structure given in Scheme 3.1, where the R leaving 

group is an alkyl or aryl group and the stabilizing Z group is an alkyl thiol. 

Trithiocarbonate RAFT agents are predominantly synthesized via two main procedures, 

namely Grignard alkylation and nucleophilic addition.11 A modified procedure used by 

Degani et al.,12 making use of the nucleophilic addition technique, was used to produce 

the three RAFT agents used in this study (Figure 3.1). The trithiocarbonate RAFT agents 

have similar structures, with the main difference being the number of RAFT moieties 

(thiocarbonyl thio groups) per molecule.  

S S
X

S

R

 R leaving group  Z stabilizing group

 

 

 

 

 

Scheme 3.1: General structure of a trithiocarbonate RAFT agent. 

Benzyl butyl trithiocarbonate (monofunctional RAFT agent, I) has a single thiocarbonyl 

thio moiety and according to the RAFT mechanism (see Section 2.3.2.3), interchange 

between the propagating polymer chain and dormant RAFT species occurs at one 

position. Butyl 4-({[(butylthio)carbonothioyl]thio} methyl) benzyl trithiocarbonate 

(difunctional RAFT agent, II) is symmetrical and has the ability to fragment on both sides 

of the R group, hence exchange between dormant and active species thus occurs at two 

positions.  S-tri-(butyl)-S’-1,3,5-(benzenetrismethylene)-tris-trithiocarbonate 
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(trifunctional RAFT agent, III) is a symmetrical trifunctional molecule possessing three 

thiocarbonyl thio moieties and will produce a three-armed star polymer.   
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Figure 3.1: The three trithiocarbonate RAFT agents synthesized in this study. 
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3.1.1  Nucleophilic addition 

The nucleophilic addition approach has been used in the literature to create various 

trithiocarbonates.13,14 The procedure involves the generation of a sulphide anion by 

addition of a mercaptan to a strong base. This nucleophile subsequently adds to carbon 

disulphide to form a trithiocarbonate anion (i). The trithiocarbonate anion 

nucleophilically adds to the newly introduced alkyl halide to create a trithiocarbonate (ii). 

The entire reaction scheme is shown in Scheme 3.2.  

SH K-OH

Aliquat 336

S
-

C

S

S

S S
-

S

(i)

S S
-

S

R X
Heat S S

S

R

(ii)R = alkyl group

X = halogen
 

Scheme 3.2: General reaction path for nucleophilic addition. 

A problem faced in these syntheses is that in the initial step the mercaptan, if sufficiently 

water insoluble, will phase separate to form an organic/aqueous immiscible mixture. The 

use of a phase transfer technique, commonly used in organic syntheses,15 overcomes this 

difficulty.  The technique operates using a phase transfer catalyst, typically a quaternary 

ammonium or phosphonium salt. The phase transfer catalyst substituents are typically 

alkyl in nature and are soluble in the organic phase. The phase transfer catalyst must 

cross the organic phase in the presence of a counter ion from the aqueous solution and the 

transportation of ionic species maintains the electrical neutrality of each phase.11 In this 

study the phase transfer catalyst used was Aliquot 336 (tri capryl methyl ammonium 

chloride) and its structure is given in Scheme 3.3.   
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N
Cl

+
- 3

 
Scheme 3.3: Structure of Aliquat 336 (tri capryl methyl ammonium chloride). 

3.2 Experimental 
Identical procedures were used for the synthesis of all three RAFT agents. The key 

difference between the procedures was the functionality of the starting organic halide, as 

well as minor experimental variations. 

Chemicals 

1-butanethiol (Sigma-Aldrich, 99%), Aliquot 336 (Acros Organics), carbon disulphide 

(Saarchem, 99.5%), tetrahyrofuran (Saarchem, 99%), potassium hydroxide (Saarchem, 

85%), petroleum ether (Saarchem, 72%), chloroform (Saarchem, 98%), anhydrous 

magnesium sulphate (Saarchem, 62-70%) and benzyl chloride (Sigma-Aldrich 99%), α,α 

dibromo-p-xylene (Aldrich, 97%) and 1,3,5 trisbromomethylbenzene (Aldrich, 98%) 

were used as purchased. 

3.2.1  Synthesis of monofunctional RAFT agent (I) 

1-butanethiol (0.03 mol, 2.7 g), potassium hydroxide (20% aqueous solution, 10 ml), 

aliquat 336 (0.1 g) and carbon disulphide (0.03 mol, 2.28 g) were combined in a 250ml 

round-bottomed flask equipped with a magnetic stirrer bar.  The reaction was stirred in an 

ice bath for 20 minutes. The benzyl chloride (0.03 mol, 3.8 g) was separately dissolved in 

25 ml THF and added in one shot to the reaction mixture under stirring. The temperature 

of the reaction mixture was then slowly raised to 70°C over 20 minutes. At this point the 

reaction mixture consisted of two yellow layers, the bottom aqueous layer and the top 

organic layer, which contained the product. The temperature was maintained for 5 hours 

until the bottom aqueous yellow layer went clear. Once the colour had disappeared, the 

reaction flask was removed from the oil bath and allowed to cool to room temperature. 

The resulting two layers were separated in a separating funnel and the aqueous layer was 

washed three times with petroleum ether. The organic layers were combined and dried 

overnight with anhydrous magnesium sulphate. The magnesium sulphate was then 
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filtered off and the solvent removed under reduced pressure. The product, a yellow oil, 

was dried under vacuum to remove any residual solvent.  

Cl SS
-

S

S S

S

- Br - 3

 
Scheme 3.4:Reaction between benzyl chloride and butyl trithiocarbonate anion. 

Proton NMR spectroscopy results indicated a purity of above 98%.  1H NMR (CDCl3, 

ppm) δ = 0.93 (t, 3H, CH2CH3), 1.62 (m, 2H, CH2CH3), 1.68 (m, 2H, CH2CH2CH3), 3.57 

(t, 2H, SCH2CH2CH2CH3), 4.71 (s, 2H, ArCH2S), 7.38 (m, 5H, ArH). 13C NMR (CDCl3, 

ppm) δ = 15.9, 24.4, 32.4, 39.1, 43.7, 131.9, 131.3, 130.4, 137.8 and 226.1. The yield of 

the product was calculated to be 90%. The UV absorbance, 1H NMR and FTIR spectra of 

monofunctional RAFT agent (I) are shown in Appendix A.   

3.2.2  Synthesis of difunctional RAFT agent (II) 

1-butanethiol (0.04 mol, 3.6 g), KOH (20% aqueous solution, 15 ml), aliquat 336 (0.1 g) 

and carbon disulphide (0.04 mol, 3.04 g) were combined in a 100 ml round-bottomed 

flask equipped with a magnetic stirrer bar. The reaction mixture was stirred in an ice bath 

for 40 minutes. The α,α dibromo-p-xylene (0.02 mol, 5.3 g) was separately dissolved in 

50 ml THF and added in one shot to the reaction mixture under stirring. The temperature 

of the reaction mixture was then raised to 60°C over one hour. At this time the reaction 

mixture consisted of two layers, a bottom yellow aqueous layer and a top yellow-orange 

organic layer containing the product. The reaction was stirred for a further 5 hours until 

the bottom yellow layer became colourless. After the colour change was complete, the 

reaction flask was removed from the oil bath and allowed to cool to room temperature. 

The crude reaction product was placed in a separating funnel and the two layers were 

separated and the aqueous layer was washed three times with THF. The organic layers 

were combined and dried overnight with anhydrous magnesium sulphate. The magnesium 

sulphate was then filtered off and the solvent removed under reduced pressure on a rotary 

evaporator. The product was a waxy yellow solid.  
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Scheme 3.5:Reaction between α,α dibromo-p-xylene and butyl trithiocarbonate anion. 

The purity of the RAFT agent was estimated by 1H NMR spectroscopy to be greater than 

98%. 1H NMR (CDCl3, ppm) δ = 0.94 (t, 6H, CH2CH3), 1.5 (m, 4H, CH2CH3), 1.77 (m, 

4H, CH2CH2CH3), 3.56 (t, 4H, SCH2CH2CH2CH3), 4.71 (s, 4H, ArCH2S), 7.22 (m, 4H, 

ArH). 13C NMR (CDCl3, ppm) δ = 13.8, 22.3, 30.3, 37.1, 41.5, 130.1, 135.4, and 224.5. 

The 1H NMR and FTIR spectra of difunctional RAFT agent (II) are shown in Appendix 

B. 

3.2.3  Synthesis of trifunctional RAFT agent (III) 

1-butanethiol (0.03 mol, 2.71 g), KOH (20% aqueous solution, 15 ml), aliquat 336 (0.1 g) 

and carbon disulphide (0.03 mol, 2.28 g) were combined in a 100-ml round-bottomed 

flask equipped with a magnetic stirrer bar. The reaction mixture was stirred in an ice bath 

for 3 hours. 1,3,5 trisbromomethylbenzene (0.01 mol, 3.57 g) was separately dissolved in 

50 ml dichloromethane and added in one shot to the reaction mixture under stirring. The 

temperature of the reaction mixture was then raised to 40°C over one hour. The reaction 

mixture consisted of two layers, a bottom orange organic layer containing the product and 

a top yellow aqueous layer. The reaction was stirred for 24 hours, after which no further 

colour change was apparent. At this point the temperature of the reaction mixture was 

raised to 60°C and the reaction was stirred for a further 24 hours until the top yellow 

layer went colourless. The reaction flask was removed from the oil bath and allowed to 

cool to room temperature. The crude reaction product was placed in a separating funnel 

and the two layers were separated, the aqueous layer was washed three times with 

dichloromethane. The organic layers were combined and dried overnight with anhydrous 

magnesium sulphate. The magnesium sulphate was filtered off and the solvent was 

removed under reduced pressure. The product was a thick, viscous, orange liquid.  
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Scheme 3.6: Reaction between 1 3,5 trisbromomethylbenzene and the butyl trithiocarbonate anion. 

The purity of the RAFT agent was estimated by 1H NMR spectroscopy to be greater than 

98%. 1H NMR (CDCl3, ppm) δ = 0.93 (t, 9H, CH2CH3), 1.61 (m, 6H, CH2CH3), 1.68(m, 

6H, CH2CH2CH3), 3.57 (t, 6H, SCH2CH2CH2CH3), 4.71 (s, 6H, ArCH2S), 7.38 (m, 3H, 

ArH). 13C NMR (CDCl3, ppm) δ = 13.4, 21.9, 29.9, 36.7, 40.6, 129.6, 136.6 and 224.1. 

The yield of the product was calculated to be 92%. The 1H NMR and FTIR spectra of 

trifunctional RAFT agent (III) are shown in Appendix C. 

3.3  Analysis of polymers and latexes 
Various analytical techniques were used to characterize polymer samples taken 

throughout the polymerizations as well as the final homopolymer and block copolymer 

products. The different techniques and their sample preparation are discussed in detail in 

Sections 3.3.1 to 3.3.4. 

3.3.1  Size-exclusion chromatography (SEC) 

The molecular weight of the polymers was determined with size-exclusion 

chromatography (SEC). The SEC instrument consisted of a Waters 717 plus autosampler, 

Waters 600E system controller (Run by Breeze software) and a Waters 610 fluid unit. A 

Waters 410 differential refractometer was used at 35°C as detector. THF (high-

performance-liquid-chromatography-grade), sparged with IR-grade helium was used as 

eluent at a flow rate of 1 mL min-1. The column was kept at 30°C, and the injection 

volume used was 100 μL. Two PLgel 5-μm mixed-C columns and a precolumn (PLgel 5-

μm guard) were used. Calibration was conducted with narrow polystyrene standards 
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ranging from 800 to 2 x 106 g mol-1. All molecular weights are reported as polystyrene 

equivalents. The SEC was coupled to a UV detector set to monitor wavelengths of 320 

nm and 254 nm. Polymer samples for SEC analysis were dried, dissolved in THF at a 

concentration of 5 mg/ml, and filtered through a 0.45 μm filter.  

3.3.2  Dynamic light scattering (DLS) 

Particle sizes of the final polymer latexes were determined using a Malvern Instruments 

Zetasizer 1000 HAS with a fixed scattering angle of 90° at 25°C. Data processing was 

performed using an automatic distribution function, which enables multi-modal 

distributions to be analyzed. The instrument was calibrated using polystyrene 

nanospheres (200 nm). The calibration samples were prepared using a 0.01 M sodium 

chloride solution. The capillary cell was used and the count rate was in the range  300-

350 kCps. Samples were prepared by diluting the latex with 0.01 M sodium chloride 

solution.   

3.3.3  Transmission electron microscopy (TEM) 

A Leo 912 TEM apparatus equipped with a digital camera was used for the TEM 

imaging. Samples were prepared by applying a small amount of latex to a gold grid. 

Excess latex was washed off with distilled water. The samples were then stained using a 

2% uranyl acetate solution. Poly (butyl acrylate) absorbs the stain and appears black on 

TEM images, while polystyrene (that does not), appears white with a black edge.  

3.3.4  Ultraviolet spectroscopy 

UV chromatograms were obtained using a Perkin Elmer Lambda 20 UV/VIS 

Spectrometer. A scan profile was set to scan from 200 to 600 nm in a single ramp profile. 

Samples were prepared by dissolving an amount of the solid compound in a 1 x 10-3 mol 

solution of a suitable solvent. Auto zeroing was performed using the same solvent used to 

prepare the sample as reference.  
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Chapter 4: RAFT-Mediated Block Copolymers in 

Homogeneous Media 

Abstract 

Block copolymers comprising butyl acrylate and styrene were produced in 

homogeneous media via the RAFT living process. The block copolymers were made 

via a sequential monomer addition technique. Three trithiocarbonate RAFT agents (I-

III) were used to mediate the homopolymerizations and the resulting homopolymers 

were subsequently chain extended with the second monomer to produce different final 

block copolymer structures. The degree of livingness of the starting homopolymers 

and the production of controlled block copolymer products were investigated in terms 

of the structure of the RAFT agent, order of monomer addition, rate of reaction and 

the molecular weight. 
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4.1  Introduction 
The production of well-defined complex architectures, such as block copolymers, via 

the RAFT process has been thoroughly researched in homogeneous media but a 

number of inherent problems are still encountered.1-4 In order to better understand the 

formation and behaviour of RAFT-mediated block copolymers synthesized in 

heterogeneous media, the homogeneous production of these polymers will be dealt 

with first. By looking at homogeneous polymerizations, which have much fewer 

system variables and simpler kinetics than their heterogeneous counterparts,5 a better 

understanding of RAFT-mediated aqueous systems can be established. Butyl acrylate-

styrene block copolymers were synthesized using the three different trithiocarbonate 

RAFT agents (I-III) introduced in Chapter 3. Each RAFT agent is unique and will 

produce a different block copolymer structure. The order of monomer addition was 

investigated as well as the final block copolymer purity. Size exclusion data of the 

polymerizations was evaluated and a linear increase in number average molecular 

weight with conversion and a low polydispersity (<1.5) indicated controlled growth. 

The living character of the chains was determined by the amount of chain extension of 

the starting homopolymer that occurred to form block copolymers upon sequential 

monomer addition. 

4.2 Block copolymers 
The production of well-defined block copolymers by living free radical 

polymerization has recently received much attention in polymer chemistry.4 The 

reason for this surge in research is the many applications of controlled block 

copolymers, such as their use as compatibilizers, viscosity modifiers or dispersants to 

stabilize colloidal suspensions.6 Block copolymers are synthesized via two main 

approaches: 

1. Sequential monomer addition 

2. The use of a macro-chain transfer agent 

As this study utilizes the first mentioned synthetic approach via the RAFT process, 

this technique will be discussed in more detail in Section 4.2.1.  
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4.2.1  AB-type block copolymers via the RAFT process 

The sequential monomer addition technique uses two steps to produce an AB block 

copolymer. Monomer A is first polymerized quantatively to form a homopolymer 

end-capped with the thiocarbonyl thio moiety. The purified homopolymer serves as 

the macro chain transfer agent (macro-CTA) for the second monomer addition.  On 

addition of the second monomer, B, the thiocarbonyl thio end-capped polymer is 

chain extended to form the AB block copolymer. AB type block copolymers have 

successfully been produced in homogeneous media.1,7-9 It is of vital importance in 

block copolymer synthesis to keep the initiator concentration low.1 A high initiator 

radical concentration leads to the formation of controlled homopolymeric side 

products with  molecular weights similar to those of  the second block segment of the 

copolymer. The creation of homopolymer in the second polymerization step is 

undesirable when producing high purity block copolymers. By keeping the initiator 

concentration low, a high ratio of living to dead/uncontrolled chains will be 

achieved.10 Another important requirement for the formation of controlled block 

copolymers is the order of block formation (when the relative abilities of the leaving 

group of the monomers are different); the first formed thiocarbonyl thio end-capped 

homopolymer (A block) should have a high transfer constant in the second 

polymerization step to give the B block. The leaving group ability of the propagating 

radical of the first block (A•) must thus be comparable, or greater than, that of the 

propagating radical of the second block (B•) in order to produce a narrow 

polydispersity AB block copolymer.1  

4.2.2  ABA-type block copolymers via the RAFT process 

Two approaches are used to produce ABA-type triblock copolymers: 

1. Sequential addition of the monomers 

2. Difunctional RAFT agents 

Since in this study use is made of difunctional RAFT agents,  technique 2 will be 

highlighted. The use of difunctional RAFT agents can further be divided into two 

types: 

i) Difunctional R groups.11,12 A RAFT agent with a difunctional R 

group produces an ABA-type block copolymer in two steps. In 
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this case the thiocarbonyl thio functionality is situated at the 

chain ends.  

ii) Symmetrical trithiocarbonates3 and difunctional Z groups.13 

Symmetrical trithiocarbonates containing two reinitiating R 

groups produce an ABA-type copolymer with the R group at 

the end of the chain and the thiocarbonyl thio moiety in the 

middle of the chain. A RAFT agent with a difunctional Z group 

and two R groups is also used to produce ABA-type block 

copolymers.  

4.2.3  Star (co)polymers via the RAFT process 

The preparation of star block copolymers is made possible by the use of 

multifunctional RAFT agents and the core of the star can be introduced via 

functionalization of either the R group or the Z group. There are two main approaches 

for the production of star (co)polymers: 

1. R group approach.14,15 With the core as part of the leaving, R, 

group, radicals are generated on the multifunctional RAFT agent 

and the polymeric arms are grown away from the core. A common 

feature of this method is the generation of linear macro-RAFT 

agents and the formation of star-star coupling termination products. 

2. Z group approach.16,17 With the core as part of the stabilizing, Z, 

group, the growing polymeric arms are detached from the core and 

the only termination products are due to coupling of the arms.  

4.3 Experimental 

4.3.1  Reagents 

Butyl acrylate (BA, 99%, Dow SA) and styrene (Sty, 99.5%, Protea Chemicals) were 

washed with 0.3M potassium hydroxide solution and distilled in vacuo before use to 

remove inhibitor and polymer. Azobis(isobutyronitrile) (AIBN, Riedel de Haen) was 

recrystallized from methanol. Toluene (Saarchem, 99%) was distilled in vacuo before 

use. RAFT agents were synthesized as described in Chapter 3.  
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4.3.2  Polymerization procedure 

Styrene polymerizations were carried out in bulk; appropriate amounts of RAFT agent 

were weighed off and dissolved in the monomer. Butyl acrylate polymerizations were 

carried out in solution; appropriate amounts of initiator (AIBN) and RAFT agent were 

dissolved in a solution of monomer and toluene. 

The resulting solution was placed in a round-bottomed flask fitted with a condenser, 

stopper and gas-inlet valve. Nitrogen gas was passed through the solution for 20 

minutes to remove oxygen before heating the reaction vessel to the reaction 

temperature. All reactions were conducted under nitrogen gas (inert atmosphere) and 

samples were drawn via a septum and needle at specific time intervals. The samples 

were dried for SEC analysis and the conversion was calculated gravimetrically. The 

resulting homopolymers were precipitated from solution and dried under reduced 

pressure to remove any residual solvent and monomer. The purified homopolymers 

were then stored for the subsequent chain extension reactions. 

Block copolymerizations were carried out using identical reaction conditions to the 

homopolymerizations, except a predetermined amount of the first block homopolymer 

was dissolved in the solution prior to polymerization. The homopolymer (RAFT end-

capped) and additional initiator (AIBN) were degassed and stirred for 20 minutes in 

solution before polymerization commenced. Samples were drawn at specific time 

intervals and the conversion was calculated gravimetrically.  

4.4 Results and discussion 

4.4.1  RAFT-mediated homopolymerization of butyl acrylate 
and styrene 

Homopolymers of butyl acrylate (BA) and styrene (Sty) were produced via living 

radical polymerization mediated by three trithiocarbonate RAFT agents (described in 

Chapter 3). Table 1 describes the quantities of reagents and reaction temperatures 

used for the homopolymerizations. 
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Table 4.1: Experimental conditions and reaction quantities for the homopolymerization of butyl 
acrylate and styrene with trithiocarbonate RAFT agents: monofunctional (I), difunctional (II) and 

trifunctional (III) 

R
ea

ct
io

n 

T
em

pe
ra

tu
re

 
(º

C
) 

A
IB

N
 

( x
 1

0-5
 m

ol
) 

So
lv

en
t 

So
lv

en
t 

(m
ol

) 

R
A

FT
 

A
ge

nt
 

R
A

FT
 

A
ge

nt
 

( x
 1

0-4
 m

ol
) 

M
on

om
er

 

M
on

om
er

 
( x

 1
0-1

 m
ol

) 

1 60 9.32 toluene 0.2175 I 4.289 BA 1.567 

2 60 8.28 toluene 0.2281 II 4.591 BA 1.569 

3 60 9.13 toluene 0.2179 III 4.064 BA 1.580 

4 100 - - - I 1.391 Sty 6.534 

5 100 - - - II 8.132 Sty 3.846 

6 100 - - - III 8.090 Sty 4.119 

The three trithiocarbonate RAFT agents bear similar radical stabilizing group (Z) 

structures and leaving group (R) structures, so for this reason the mediation 

characteristics for all three RAFT agents are expected to be similar. The difference 

between the RAFT agents is the number of trithiocarbonate moieties per molecule, 

monofunctional RAFT agent (I) has a single trithiocarbonate moiety and 

fragmentation occurs at one position to produce a radical that is capable of 

propagating and thus leading to chain growth. Difunctional RAFT agent (II) is 

symmetrical about the central difunctional R group and has the ability to fragment on 

either side of the R group; two propagating radicals can be formed and chain growth 

can occur on both sides. RAFT agent (III) is “trifunctional” and chain growth will 

occur at three positions around the R-group core, producing a three-armed star 

polymer on addition of monomer. 

4.4.1.1  Rates of polymerization 

Figure 4.1 depicts the semi-log plot of conversion vs. time, with the conversion being 

determined gravimetrically for the butyl acrylate solution polymerizations. For 

reactions 1-3, the experimental conditions are identical apart from the RAFT agents 

employed. 
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Figure 4.1: First-order rate plots for butyl acrylate polymerizations, reaction 1: monofunctional RAFT 

agent (I), reaction 2: difunctional RAFT agent (II) and reaction 3: trifunctional RAFT agent (III).  

The first-order rate plots indicate that similar rates of polymerization are obtained for 

reactions 1-3 over most of the conversion range. However, in the early stages of 

polymerization, reaction 1, in which the monofunctional RAFT agent (I) is employed, 

exhibits a shorter induction period than reactions 2 and 3, where the difunctional (II) 

and trifunctional (III) RAFT agents are used, respectively. Reactions 1 and 3 appear to 

have the same rates but initially have different induction periods.  The longer 

induction period in reaction 3, is attributed to steric hindrance14 experienced by the 

initial trifunctional RAFT agent (III); in the beginning of the polymerization the 

propagating radicals are positioned on the core of the RAFT agent (R-group 

approach) and monomer addition occurs in three positions, which may lead to a 

slower rate due to steric hindrance experienced at the core. Reaction 2 seems slower 

than reactions 1 and 3 but reaches a similar conversion, suggesting that all three 

reactions exhibit similar rates.  

Figure 4.2 depicts the semi-log plot of conversion vs. time, with the conversion being 

determined gravimetrically for the styrene bulk polymerizations. For reactions 4-6 the 

experimental conditions are identical apart from the RAFT agents employed. 
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Figure 4.2: First-order rate plots for styrene polymerizations, reaction 4: monofunctional RAFT agent 

(I), reaction 5: difunctional RAFT agent (II) and reaction 6: trifunctional RAFT agent (III). 

A fairly linear consumption of monomer with time is exhibited for all three styrene 

polymerizations. Initially the rates of polymerization for reactions 4-6 are comparable, 

as expected, due to the similarity in structures of the three RAFT agents. At higher 

conversions (longer times) there is a steep increase in the rate of polymerization for 

reaction 6, where the trifunctional RAFT agent (III) is used. Reaction 6 reaches the 

highest target molecular weight with a final value of 31 000 g/mol, and reactions 5 

and 6 have lower final molecular weights of 21000 and 23000 g/mol, respectively. 

The increase in rate exhibited later in reaction 6 can be attributed to the fact that since 

the styrene polymerization is carried out in bulk, at higher conversions and as higher 

molecular weights are achieved there is an associated increase in the viscosity of the 

reaction mixture. Reaction 6 experiences a more pronounced Trommsdorff effect18 

due to the higher molecular weight, leading to an associated increase in rate when 

compared to reactions 4 and 5. The styrene polymerizations (reactions 4-6) exhibit 

much slower rates than that of the butyl acrylate polymerizations (reactions 1-3), due 

to the differences in propagation rate coefficients (kp) of butyl acrylate, 3.4 x 104  

L.mol-1s-1, and styrene, 160  L.mol-1s-1 (at 20°C).19  

4.4.1.2  Molecular weight distributions and UV-RI analysis of the products of 

the butyl acrylate polymerizations  

To follow the evolution of the molecular weight with time, samples were drawn 

during the course of the reaction and the SEC chromatograms were plotted on a single 

graph. To investigate whether the trithiocarbonate end group was homogeneously 
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distributed throughout the distribution, a dual refractive index (RI) and UV detector 

system was used for SEC. The UV detector was set at 320 nm, which corresponded to 

the maximum UV absorption wavelength of the trithiocarbonate RAFT agents. The 

UV detector is sensitive to chains containing the thiocarbonyl thio end group and the 

RI detector is a mass sensitive detector. In the SEC chromatogram with RI detection, 

each monomer unit in the polymer chain contributes and the signal intensity is 

proportional to the square of the molecular weight (M2). In the SEC chromatogram 

with UV (320nm) detection, the UV signal intensity is directly proportional to the 

molecular weight of one polymer chain with one RAFT chromophore per chain (M). 

In order to directly compare the RI and UV (320nm) signals the UV signal must be 

multiplied by M at each point on the curve. An example of the modification is 

illustrated in Figure 4.3. It is important to note that such a modification is unnecessary 

for the UV signal at 254nm, which detects the presence of polystyrene, as each 

monomer unit in the chain contributes to the signal intensity (same as the RI signal).  
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Figure 4.3: An example of a UV-RI overlay before and after modification. 

A “dilution effect”can be seen in the unmodified UV signal: the lower molecular 

weight chains have a strong UV signal while the higher molecular weight chains 

exhibit a weaker UV signal, this is due to the ratio of the trithiocarbonate end group 

molecular weight to the molecular weight of the entire chain being small in the high 

molecular weight region and visa versa in the low molecular weight region. Once the 

modification has been performed the UV signal is directly comparable to the RI signal 

without a bias in the low and high molecular weight regions. All further figures 

containing UV-RI overlays include UV (320nm) signals that have been modified.  
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Figure 4.4 A shows the molecular weight evolution for reaction 1, BA polymerized in 

the presence of monofunctional RAFT agent (I). A unimodal distribution is seen 

throughout the polymerization and the molecular weight distribution shifts to higher 

values with conversion. The UV (320nm)-RI overlay for the final sample, Figure 4.4 

B, exhibits excellent overlap throughout the molecular weight distribution, indicating 

that the majority of the chains contain the thiocarbonyl thio end group.  
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Figure 4.4: Reaction 1, BA polymerized with monofunctional RAFT agent (I). A = Evolution of the 
normalized molecular weight distributions with increasing conversion. B = Last sample UV-RI overlay. 

Figure 4.5 A shows the molecular weight evolution for reaction 2; BA polymerized in 

the presence of difunctional RAFT agent (II). The molecular weight distribution is 

initially unimodal, but at elevated conversions a high molecular weight shoulder 

becomes evident. The high molecular weight shoulder becomes more pronounced 

towards the end of the reaction and the molecular weight of this shoulder is roughly 

double that of the main polymer distribution, suggesting that the high molecular 

weight shoulder is due to termination by combination. The UV (320nm)-RI overlay 

(Figure 4.5 B) shows that the UV signal intensity in the high molecular weight region 

becomes more pronounced, while the main polymer peak shows perfect overlap. 

Since the UV-RI signal can be directly compared, the perfect overlap in the main 

polymer peak indicates that these chains must contain two thiocarbonyl thio end 

groups, consistent with ideal growth, while the chains in the high molecular weight 

shoulder must contain more than two thiocarbonyl thio end groups. The formation of 

the high molecular weight shoulder is thus not due to termination by combination as 

there would be perfect UV-RI overlap throughout the entire distribution as all chains 

would contain two RAFT end groups. Similar results were obtained by Postma et al.20 

and attributed the bimodality at higher molecular weights and increased UV signal in 
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this region to long chain branching formed by intermolecular chain transfer reactions 

of poly (butyl acrylate). The formation of long chain branches causes an increase in 

the molecular weight and increases the number of RAFT end groups in each chain 

according to the degree of branching. The high molecular weight distribution must 

thus have been formed by long chain branching of the poly (BA). It is important to 

note that the high molecular weight chains are not dead; they contain multiple RAFT 

end groups and should be capable of further propagation on addition of more 

monomer. 
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Figure 4.5: Reaction 2, BA polymerized with difunctional RAFT agent (I). A = Evolution of the 

normalized molecular weight distributions with increasing conversion. B = Last sample UV-RI overlay. 

The mechanism for the RAFT-mediated polymerization using a difunctional RAFT 

agent is given in Scheme 4.1. Ideal growth of the RAFT-mediated homopolymer (i) 

and possible termination products formed by combination (ii) and long chain 

branching (iii) are illustrated, clearly explaining the bimodality obtained in the SEC 

chromatograms.  
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Scheme 4.1: RAFT-mediated polymerization mechanism for difunctional RAFT agent (II).  

Figure 4.6 A shows the molecular weight evolution for reaction 3; BA polymerized in 

the presence of trifunctional RAFT agent (III). The molecular weight distribution 

starts off unimodal but quickly becomes trimodal. The following are observed: a small 

low molecular weight distribution, a main polymer peak, and a high molecular weight 

shoulder. All three distributions grow linearly with conversion, indicating that none of 

the distributions are due to dead polymer being formed. All three distributions contain 

the trithiocarbonate end group, which is illustrated by the presence of UV (320nm) 

signal throughout the three distributions shown in Figure 4.6 B. As described in 

Section 4.2.3, the R-group approach to star polymers produces a trimodal molecular 

weight distribution. 
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Figure 4.6: Reaction 3, BA polymerized with trifunctional RAFT agent (III). A = Evolution of the 

normalized molecular weight distributions with increasing conversion. B = Last sample UV-RI overlay. 

The mechanism for RAFT-mediated star polymerization is shown in Scheme 4.2. As 

can be seen in Figure 4.6, a trimodal distribution is indeed formed and the three 

distributions are explained as follows: the low molecular weight shoulder is due to 

linear non-star RAFT end-capped material, which is formed from fragments of the 

decomposing initiator,21 the main polymer peak is ideal three-armed star material 

(Scheme 4.2, i) and the high molecular weight shoulder is due to star-star coupling 

(Scheme 4.2, ii) caused by radical-radical termination.15  
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Scheme 4.2: RAFT-mediated star polymerization mechanism for trifunctional RAFT agent (III). 
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This is supported by the UV (320nm)-RI overlap (Figure 4.6 B): the low molecular 

weight shoulder has a lower UV signal intensity than the RI, the main polymer peak 

has perfect UV-RI overlap and the high molecular weight shoulder has an increased 

UV signal intensity when compared to the RI. The low molecular weight shoulder 

thus must contain chains with one RAFT end group per chain consistent with linear 

non-star chain formation, while the main polymer peak must be due to ideal star 

growth (three RAFT end groups). The high molecular weight peak must be due to 

star-star coupling products containing more than three RAFT end groups. The linear 

chains should, according to the mechanism of star formation, have identical molecular 

weights to each of the arms attached to the core of the star. Analysis of the molecular 

weight distribution in Figure 4.6 proves that this is indeed the case. Similarly, the 

molecular weight of the star-star coupled material in Figure 4.6 is twice that of the 

ideal star material, substantiating the explanation of the three distributions. 

Figure 4.7 shows –Mn and PDI versus conversion for the BA polymerizations, 

reactions 1-3. The dotted lines indicating the predicted number average molecular 

weights (Pre –Mn) were calculated using equation 2.9 described in Chapter 2.  
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Figure 4.7: Evolution of 

–
Mn and PDI for RAFT-mediated BA solution polymerizations, reactions 1-3. 
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Figure 4.7 indicates that the SEC –Mn grows linearly with time for reactions 1-3.  For 

reaction 1, when monofunctional RAFT agent is used, the SEC –Mn closely follows the 

predicted values over the studied conversion range while in reaction 2, where 

difunctional RAFT agent is used, the –Mn appears to start above the predicted values 

and slowly converges on the theoretical values. Reaction 3 follows the predicted 

values until about 60% conversion, the SEC –Mn then becomes slightly less than the 

predicted, and the final SEC –Mn is just below the predicted line. The deviation in 

reaction 3 at higher conversions is attributed to the differing hydrodynamic volume of 

star polymers compared to their linear counterparts.15 Linear polystyrene standards 

were used to calibrate the SEC, but linear chains have a higher hydrodynamic volume 

than stars of equal molecular weight. The inability of SEC to accurately calculate the 

molecular weight of star polymers is the most likely reason for this discrepancy. The 

overall good agreement between the predicted and experimental –Mn values for 

reactions 1-3 indicates that all the polymerizations are well controlled.  In ideal 

RAFT-mediated living systems polydispersity should decrease with conversion and, if 

termination is negligible, the PDI should be close to unity upon full conversion.22 The 

PDI values of reaction 1 are low and decrease with conversion to a final value of 1.11.  

Reaction 2, in which the difunctional RAFT agent is used, shows higher PDI values 

than reaction 1, but the PDI decreases with conversion and the final polymer has a 

PDI of 1.19. The reason for the slightly higher PDI values in reaction 2 (compared to 

reaction 1) is the presence of additional branched products, which present themselves 

as a high molecular weight shoulder (Figure 4.5) and thus broaden the molecular 

weight distribution. Reaction 3, in which trifunctional RAFT agent is utilized, exhibits 

the highest PDI values. The initial PDI is high relative to reactions 1 and 2. The PDI 

values progressively decrease with conversion, but the last few points appear to 

increase again and the final polymer sample has a value of 1.33. The higher 

polydispersity indexes for reaction 3 when compared to reactions 1 and 2 are due to 

the formation of three different polymer species, leading to a trimodal distribution 

illustrated in Figure 4.6, and a subsequent broadening of the polymer distribution. The 

higher PDI values at the end of the reaction can be attributed to increased star-star 

coupling at higher conversions. The PDI values of all three reactions are well below 

the benchmark value of 1.5 for living RAFT mediated polymerization systems, 

indicating that all three trithiocarbonate RAFT agents were successful in producing 

living butyl acrylate homopolymers. 
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4.4.1.3  Molecular weight distributions and UV-RI analysis of the products of 

the styrene polymerizations 

Figure 4.8 A shows the molecular weight evolution for reaction 4, namely styrene 

polymerized in the presence of monofunctional RAFT agent (I). The molecular 

weight distribution clearly shifts to higher values with conversion and at higher 

conversions there is some tailing towards low molecular weight. This can be 

attributed to a small amount of RAFT end-capped initiator-derived chains.23 The UV 

(320nm)-RI overlay (Figure 4.8 B) exhibits good overlap between the two signals for 

the last sample of reaction 4, indicating that most of the chains contain the 

trithiocarbonate end group.  The presence of the UV signal in the low molecular 

weight tail confirms the occurrence of a small amount of initiator-derived chains 

containing the RAFT end group. 
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Figure 4.8: Reaction 4, Sty polymerized with monofunctional RAFT agent (I). A = Evolution of the 

normalized molecular weight distributions with increasing conversion. B = Last sample UV-RI overlay. 

The evolution of the normalized molecular weight distribution with conversion for 

reaction 5, styrene polymerized in the presence of difunctional RAFT agent (II), is 

given in Figure 4.9 A.  The molecular weight grows linearly with conversion and the 

distributions are unimodal up until the last sample. The last sample is bimodal, with a 

high molecular weight shoulder. Similar high molecular weight shoulders have been 

reported in the polymerization of styrene by Moad et al.24 and are attributed to 

termination by combination. The UV (320nm)-RI overlay of the last sample (Figure 

4.9 B) shows increased UV signal in the high molecular weight shoulder indicating 

that the chains in this region must contain more RAFT end groups than those in the 

main polymer peak, which exhibits good agreement between the UV and RI signals. 

The main polymer distribution must be due to ideal growth on both sides of the 
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difunctional RAFT agent with each chain possessing two RAFT end groups.  This is 

confirmed by the –Mn value of the peak maxima of the main polymer distribution (23 

800 g/mol) being similar to the value predicted by equation 2.9 (23 000 g/mol).  The 

high molecular weight shoulder is not formed by termination by combination, as this 

would provide a perfect UV-RI overlap throughout the entire distribution. A possible 

explanation for the increased UV signal in the high molecular weight region is the 

formation of long chain branching products of polystyrene by means of intermolecular 

chain transfer at high conversions.  
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Figure 4.9: Reaction 5, Sty polymerized with difunctional RAFT agent (II). A = Evolution of the 

normalized molecular weight distributions with increasing conversion. B = Last sample UV-RI overlay. 

Figure 4.10 A shows the molecular weight evolution for reaction 6, styrene 

polymerized in the presence of trifunctional RAFT agent (III). The molecular weight 

distribution is initially unimodal, as the conversion increases slight tailing towards 

low molecular weight occurs and a small high molecular weight shoulder forms. The 

trimodality is consistent with the formation of low molecular weight linear non-star 

RAFT end-capped material, ideal star polymer and high molecular weight star-star 

coupling termination products. These distributions have been explained in the BA 

polymerization with trifunctional RAFT agent (III), reaction 3 in Section 4.4.1.2. In 

reaction 6 it is found that the high molecular weight shoulder is double the molecular 

weight of the main polymer peak, supporting the conclusion that the peak is derived 

from star-star coupling termination products. The UV (320nm)-RI overlay for reaction 

6, given in Figure 4.10 B, indicates that all chains contain the trithiocarbonate end 

group. The lower UV signal in the low molecular weight region, good UV-RI 

agreement in the main polymer peak and higher UV signal in the high molecular 
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weight shoulder confirm the formation of initiator-derived linear chains, ideal star and 

star-star coupling termination products, respectively.   
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Figure 4.10: Reaction 6, Sty polymerized with trifunctional RAFT agent (III). A = Evolution of the 

normalized molecular weight distributions with increasing conversion. B = Last sample UV-RI overlay. 

From Figure 4.10 it is evident that the formation of low molecular weight linear non-

star material is reduced and the high molecular weight shoulder is much less 

pronounced than that of the BA polymerization, reaction 3. The styrene radical is 

more stable and therefore less prone to chain transfer reactions. This evidence 

suggests that the use of styrene instead of butyl acrylate with trifunctional RAFT 

agent (III) is a more efficient route to the formation of ideal star material.  

Figure 4.11 depicts the –Mn and PDI versus conversion for the styrene polymerizations, 

reaction 4 (monofunctional RAFT agent I), reaction 5 (difunctional RAFT agent II) 

and reaction 6 (trifunctional RAFT agent III). The dotted lines indicating the predicted 

number average molecular weights were calculated using equation 2.9 described in 

Chapter 2. In reaction 4 there is a linear increase in the SEC –Mn with conversion, 

indicating controlled behaviour. Initially the SEC –Mn overlaps the predicted line, at 

higher conversions there is a slight deviation and the final SEC –Mn is below the 

predicted –Mn value. The reason for the discrepancy is the formation of a small amount 

of low molecular weight initiator-derived chains (Figure 4.8), which causes a slight 

tailing in the molecular weight distribution and somewhat distorts the SEC –Mn from 

predicted. Reaction 5 similarly exhibits a linear increase of the number average 

molecular weight with conversion and throughout the polymerization the SEC –Mn is 

in good agreement with the predicted –Mn, further proving that the main polymer peak 

in reaction 5 must be due to ideal difunctional chains being formed. Reaction 5 does 

not encounter the low molecular weight tailing that is more strongly displayed in 
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reaction 4 and thus shows better agreement between predicted and experimental –Mn 

values.  The final sample in Reaction 5 at 48% conversion shows a slightly higher 

SEC –Mn than predicted. This deviation is due to the formation of a high molecular 

weight shoulder (Figure 4.9), which biases the experimental –Mn to a higher value than 

predicted.   
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Figure 4.11: Evolution of nM  and PDI for RAFT mediated Sty bulk polymerizations, reactions 4-6. 

The predicted –Mn and SEC –Mn overlap well at low conversions for reaction 6. As the 

conversion increases so the SEC –Mn becomes progressively smaller than predicted 

due the smaller hydrodynamic volume of the star material. The inability of SEC to 

accurately determine the molecular weight of the stars, as SEC is calibrated with 

linear standards (explained for BA polymerizations, Figure 4.7), leads to the 

discrepancy. The good agreement of experimental and predicted –Mn values over most 

of the conversion range for reactions 4-6 illustrates that the three trithiocarbonate 

RAFT agents were successful in producing controlled styrene polymers. The control 

of the systems is further demonstrated by the low polydispersity values throughout the 

reactions; reactions 4-6 show final PDI values below 1.3.  Reactions 4-6 all show 

decreasing PDI values with increasing conversion and the final PDI values are as 

follows, reaction 4 PDI 1.22, reaction 5 PDI 1.28, and reaction 6 PDI 1.15. The reason 
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for reaction 6 (utilizing the trifunctional RAFT agent) having the lowest PDI value is 

that the conversion obtained in reaction 6 is almost twice that of the PDI values 

reached in reactions 4 and 5. As described earlier, in an ideal RAFT-mediated 

polymerization the PDI decreases with increasing conversion.  The target molecular 

weights were the same for all three styrene bulk polymerizations, however reactions 4 

and 5 were stopped prematurely and thus had lower final molecular weights.   

4.4.1.4  Conclusions regarding homopolymerizations 

Comparison of the six RAFT-mediated homopolymerizations: Each reaction 

exhibited a linear increase in the molecular weight distributions with conversion. All 

molecular weight distributions contained the trithiocarbonate RAFT end group 

(illustrated by a good UV (320nm)-RI overlap), indicating that the distribution was 

living and mediated by the RAFT process. Reactions 1-6 had good agreement 

between predicted and SEC number average molecular weights, as well as low final 

polydispersities (<1.3), indicating that the polymerizations were controlled. 

Comparison of the behaviour of the three RAFT agents: In the RAFT-mediated 

polymerization of butyl acrylate, reactions 1-3, the three mediating agents exhibited 

similar rates of polymerization. Likewise, the rates of polymerization were 

comparable when styrene was polymerized in the presence of the three mediating 

agents, reactions 4-6. The molecular weight distributions were however distinctly 

different for the three RAFT agents. Similar distributions were obtained for both 

monomers, however slight discrepancies were observed in some of the SEC 

chromatograms. The generally observed modality of the SEC distributions was as 

follows: monofunctional RAFT agent produced a unimodal molecular weight 

distribution, difunctional RAFT agent produced a bimodal molecular weight 

distribution and trifunctional RAFT agent produced a trimodal distribution. The 

differences were due to the varying mediation characteristics of the three RAFT 

agents; as the functionality of the RAFT agent increased so the architectures being 

produced by each starting substrate became more complex. The PDI increased in the 

order mono < di < tri and the agreement between SEC and predicted –Mn increased in 

the order mono > di > tri RAFT agent. The degree of control in terms of the RAFT 

agents was summarized as follows: monofunctional (I) > difunctional (II) > 

trifunctional (III) for both monomers. 
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Comparison of the two monomers, butyl acrylate and styrene: The target 

molecular weights for the styrene and butyl acrylate homopolymerizations were       

50 000 g/mol. The butyl acrylate homopolymerizations were carried out in solution 

and reached higher conversions, roughly 90%. The BA homopolymerizations 

exhibited faster rates (the reaction was over after 6 hours) and thus reached higher 

final molecular weights when compared to styrene. The styrene homopolymerizations 

were carried out in bulk and increased viscosity of the reaction mixtures limited the 

conversion (i.e. molecular weight) to much lower values than the BA 

homopolymerization systems. The styrene polymerizations were much slower than 

their BA counterparts and the reactions were over after roughly 24 hours.  The shape 

of the molecular weight distributions was similar for both the butyl acrylate reactions 

1-3 and styrene reactions 4-6.  The formation of termination products or chain transfer 

products was more pronounced in butyl acrylate polymerizations, as was seen by a 

more significant high molecular weight shoulder in reactions 2 and 3 when compared 

to with styrene reactions 5 and 6, respectively. The reason for the increased chain 

termination in the BA systems is the higher final molecular weights obtained when 

compared to styrene.   

4.4.2  RAFT-mediated block copolymerization 

The ability of the homopolymers produced in Section 4.4.1 to be chain extended to 

produce well-defined block copolymers was investigated. Table 4.2 tabulates the 

quantities of reagents, experimental conditions and properties of the starting 

homopolymers used in the block copolymerizations. 
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Table 4.2: Experimental conditions and reagent quantities for block copolymerizations 
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7 110 - - - BA-RAFT I 5.432 37000 1.18 BA 2.122 

8 110 - - - BA-RAFT II 5.246 42000 1.26 BA 2.253 

9 110 - - - BA-RAFT III 4.649 41000 1.33 BA 2.350 

10 70 6.212 toluene 0.5466 Sty-RAFT I 1.960 35000 1.17 Sty 1.875 

11 70 6.273 toluene 0.5111 Sty-RAFT II 2.264 31000 1.27 Sty 1.903 

12 70 6.699 toluene 0.6663 Sty-RAFT III 2.854 31000 1.15 Sty 2.129 

The synthesis of block copolymers was achieved in two sequential steps as described 

in Section 4.2. The different structures of the trithiocarbonate RAFT agents allow 

different block copolymer structures to be produced. The monofunctional RAFT agent 

(I) produced an AB type block copolymer (Figure 4.12 A), difunctional RAFT agent 

(II) produced an ABA triblock copolymer (Figure 4.12 B) and the trifunctional RAFT 

agent (III) produced a three-armed star block copolymer (Figure 4.12 C).  
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Figure 4.12: Block copolymer structures produced by sequential monomer addition; A: monofunctional 

RAFT agent (I), B: difunctional RAFT agent (II) and C: trifunctional RAFT agent (III). 

The concentration of RAFT agent (i.e. macroRAFT agent formed in the first step) was 

roughly constant for the butyl acrylate (reactions 7-9), as shown in Table 4.2. The 

styrene block copolymerizations (reactions 10-12) also had similar starting 
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macroRAFT agent concentrations. The target molecular weights for each block 

copolymer were however different; the block segment(s) formed in the second step 

are targeted to be double the molecular weight of the block segment(s) formed in the 

first homopolymerization step i.e. each polymer segment in the block copolymer 

should have comparable molecular weights. 

4.4.2.1  Rates of polymerization 

Figure 4.13 depicts the first-order plots determined gravimetrically for the chain 

extension of the butyl acrylate homopolymers with styrene. For reactions 7-9, the 

starting homopolymers were produced under identical experimental conditions to 

reactions 1-3, and they yielded similar final polymers. Reaction 7 utilized the BA 

homopolymer made with monofunctional RAFT agent (I) as a macro-CTA, which is 

subsequently chain extended with styrene; reaction 8 uses poly (BA) made with 

difunctional RAFT agent (II) and reaction 9 uses poly (BA) made with trifunctional 

RAFT agent (III). The starting BA homopolymer properties, such as final –Mn and 

PDI, are given in Table 4.2.  Chain extensions with styrene, reactions 7-9, were 

carried out under identical conditions, the only difference was the starting butyl 

acrylate homopolymer and the final targeted molecular weight. 
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Figure 4.13: Conversion vs. time plots for chain extension of butyl acrylate homopolymers with 

styrene, reactions 7-9. 

The rate of polymerization is comparable for reactions 7 and 8 over the entire 

conversion range and similar final conversions are achieved. Reaction 9, which was 

run for a shorter 
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period, shows an increased rate of polymerization when compared to reactions 7 and 

8. In the styrene homopolymerization, reaction 6 when the trifunctional RAFT agent 

(III) was used to produce polystyrene, a similar increase in rate is observed but only at 

higher conversions (Figure 4.2). Rate retardation in RAFT-mediated polymerizations 

decreases as the RAFT agent concentration is decreased.26 Reaction 9 has the lowest 

initial RAFT agent concentration of the three chain extension reactions 7-9 and is thus 

expected to show an increased rate compared to reactions 7 and 8. Reactions 7 and 8 

have similar initial RAFT agent concentrations and thus exhibit similar rates.   

Figure 4.14 depicts the first-order plots determined gravimetrically for the chain 

extension of the styrene homopolymers with butyl acrylate. For reactions 10-12, the 

starting styrene homopolymers were not those produced in reactions 4-6. Duplicate 

reactions were performed under identical experimental conditions to reactions 4-6 and 

similar final homopolymers were produced. These were subsequently chain extended 

in reactions 10-12. The starting styrene homopolymer properties, such as final –Mn and 

PDI, are given in Table 4.2.  Chain extension of styrene homopolymers, reactions 10-

12, was carried out under identical conditions. The initial concentrations of the three 

macroRAFT agents were similar, but the starting styrene homopolymer and the final 

targeted molecular weight were different in each of the three reactions. 
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Figure 4.14: Conversion vs. time plots for chain extension of styrene homopolymers with butyl 

acrylate, reactions 10-12. 

A linear increase in conversion with time is exhibited by all three chain extensions of 

polystyrene with butyl acrylate, reactions 10-12. Compared to the 

homopolymerizations of butyl acrylate, reactions 1-3 (Figure 4.1), the chain extension 
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of polystyrene with butyl acrylate, reactions 10-12 (Figure 4.14), show significant 

differences in rate. Reaction 11, chain extension of polystyrene made with 

difunctional RAFT agent (II), displays the fastest rate. The rate of polymerization for 

reaction 11 is slightly faster than reaction 10 throughout the entire conversion range, 

and the decrease in rate in reaction 10 is due to an amount of dead polystyrene that 

was formed in the first polymerization step (see Figure 4.15). The non-living material 

is not chain extended and thus reduces the rate of polymerization in reaction 10. 

Reaction 12, in which the three-armed polystyrene star was chain extended with butyl 

acrylate, exhibits the slowest rate. The decrease in rate when compared to reactions 10 

and 11 is due to reaction 12 having the highest initial RAFT agent concentration, 

which caused increased rate retardation. 

4.4.2.2  Molecular weight distributions and UV-RI analysis of the chain 

extension of poly (butyl acrylate) with styrene 

The evolutions of the molecular weights for poly (BA) chain extended with styrene, 

reactions 7-9, are shown in Figures 4.15-4.17. The accompanying UV-RI overlay for 

the last sample of each reaction is also shown. The UV detector was set at 320 nm to 

confirm the presence of the trithiocarbonate end group, as well as at 254 nm, which 

corresponded to the maximum UV absorbance of phenyl chromophore in polystyrene. 

By assessing the presence of polystyrene the author was able to identify the formation 

of undesired homopolymer in the second monomer addition step and determine the 

efficiency of the chain extension.  

The main polymer molecular weight distribution of the starting poly (BA) is linearly 

shifted to higher values with conversion (Figure 4.15 A). This proves that the majority 

of the starting homopolymer was living and was successfully chain extended with 

styrene to form an AB type block copolymer, poly (butyl acrylate-b-styrene). The 

main polymer distribution exhibits a good UV (320nm)-RI overlay for the last sample 

of the chain extension (Figure 4.15 B) and indicates that all the block copolymer 

chains contain the trithiocarbonate end group. Simultaneously a low molecular weight 

shoulder is formed in the second chain extension step. The low molecular weight 

shoulder appears to remain stationary throughout the reaction. In the chain extension 

step a small amount of initiator was added to “kick off” the block copolymerization, 

the low molecular weight shoulder is due to initiator-derived styrene homopolymer 

chains. The homopolymer impurity is unavoidable as addition of initiator will always 
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produce some new chains, but it can be reduced by decreasing the initiator 

concentration.1 The UV (320nm)-RI overlay of the low molecular weight shoulder 

indicates an absence of the trithiocarbonate end group throughout the distribution. For 

this reason the distribution is not expected to grow, as it does not fulfil the 

requirements of a RAFT-mediated living polymerization.  

4.0 4.4 4.8 5.2

0.0

0.2

0.4

0.6

0.8

1.0 (A) Increasing 
conversion

Starting 
Poly (BA)

N
or

m
al

iz
ed

 R
I s

ig
na

l

Log M

4.0 4.5 5.0 5.5

0.0

0.2

0.4

0.6

0.8

1.0

(B)

 N
or

m
al

iz
ed

 si
gn

al

 

Log M

 Norm RI
 Norm UV 

 
Figure 4.15: Reaction 7, chain extension of poly (butyl acrylate) made with monofunctional RAFT 

agent (I), with styrene. A = Evolution of the normalized molecular weight distributions with increasing 
conversion. B = Last sample normalized UV-RI overlay. 

The evolution of the molecular weight for reaction 8, the chain extension of poly 

(butyl acrylate) with styrene, is shown in Figure 4.16 A.  The starting BA 

homopolymer distribution is bimodal. As explained in Section 4.4.1.3, this is due to 

ideal butyl acrylate homopolymer and high molecular weight long chain branching 

products. As the polymerization proceeds the main polymer distribution shifts linearly 

to higher molecular weights with conversion, indicating the successful chain 

extension of the starting poly (BA) with styrene to form an ABA type triblock 

copolymer. Simultaneously the high molecular weight shoulder, formed in the first 

step by  branching reactions, linearly shifts to higher molecular weights. The UV 

(320nm)-RI overlay of the last sample, Figure 4.16 B, indicates that the 

trithiocarbonate moiety is present in both distributions. Figure 4.16 B shows good 

agreement between the UV and RI signals in the main polymer distribution and an 

increased UV signal when compared to the RI signal in the high molecular weight 

region. The reason for the higher UV signal intensity in the high molecular weight 

region, as explained in Section 4.4.1.2, was due to the formation of branched poly 

(BA) containing more than two thiocarbonyl end groups per chain. Both distributions 

grow concurrently and contain the RAFT end group, indicating that both comprise 

living polymers that are successfully chain extended in the second step.  
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Figure 4.16: Reaction 8, chain extension of poly (butyl acrylate) made with difunctional RAFT agent 

(II), with styrene. A = Evolution of the normalized molecular weight distributions with increasing 
conversion. B = Last sample normalized UV-RI overlay. 

In addition to these two distributions, a low molecular weight shoulder becomes more 

evident as the chain extension proceeds. The position of the low molecular weight 

shoulder remains constant (i.e. the peak is stationary) throughout the chain extension, 

indicating that it is non-living initiator-derived polystyrene formed in the second 

polymerization step (similar to reaction 7). Evidence to support the formation of dead 

polystyrene in the second step is the large reduction of UV (320nm) signal in the low 

molecular weight shoulder shown in Figure 4.16 B.   

Figure 4.17 A depicts the molecular weight distributions for the chain extension of 

poly (BA) with styrene, reaction 9. Figure 4.17 B is the UV-RI overlay at 320 nm and 

254 nm for reaction 9. As described in Section 4.4.1.3, the butyl acrylate 

homopolymer made with trifunctional RAFT agent (III), reaction 3, is trimodal. The 

low molecular weight peak is due to linear non-star RAFT end capped material, the 

main polymer distribution is ideal three-armed star polymer and the high molecular 

weight shoulder is due to star-star coupling termination products. In Figure 4.17 A, 

the starting trimodal poly (BA) is chain extended with styrene, all three polymer 

distributions grow concurrently, and it is not evident whether any new distributions 

are created in the second chain extension step. The chain extension of most of the 

starting poly (BA) to form higher molecular weight block copolymer clearly indicates 

the living character of the polymerization system. 
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Figure 4.17: Reaction 9, chain extension of poly (butyl acrylate) made with trifunctional RAFT agent 
(III), with styrene. A = Evolution of the normalized molecular weight distributions with increasing 

conversion. B = Last sample normalized UV-RI overlay. 

The UV-RI overlay for the last sample of reaction 9 (Figure 4.17 B) indicates that 

most of the chains contain the 320 nm UV absorbance of the trithiocarbonate end 

group as well as the 254 nm UV absorbance, indicating the presence of polystyrene. 

The majority of the initial poly (BA) chains are thus living and successfully chain 

extended with styrene to form poly (butyl acrylate-b-styrene) copolymers. The low 

molecular weight shoulder is due to linear non-star material that, on chain extension 

with styrene, forms an AB type block copolymer and is confirmed by the lower UV 

(320nm) signal intensity in this region as linear chains contain only one RAFT end 

group. The main molecular weight distribution is due to ideal star material and on 

addition of the second monomer formed a three-armed star block copolymer and is 

confirmed by good overlap between RI and UV signals (three RAFT end groups). The 

high molecular weight distribution is due to star-star coupling termination products 

and, on chain extension forms a star block copolymer with more than three arms. The 

presence of star-star coupling termination products is shown by the higher UV      

(320nm) signal intensity in this region due to these chains containing a higher ratio of 

RAFT end group concentration to chain concentration. The formation of these three 

block structures was confirmed by comparing the values of the molecular weight 

maximums for each distribution; at the end of the chain extension the low molecular 

weight shoulder had a molecular weight one third of that of the main polymer 

distribution and the high molecular weight distribution was twice the size of the ideal 

star material. These molecular weight values are consistent with the formation of 

linear non-star block copolymer chains, ideal three-armed star block copolymer and 

star-star termination block copolymer products. 

3.5 4.0 4.5 5.0 5.5 6.0

0.0

0.2

0.4

0.6

0.8

1.0

Increasing 
conversion

(A)

Starting 
Poly(BA)

 

 
N

or
m

al
iz

ed
 R

I s
ig

na
l

Log M
4.0 4.5 5.0 5.5 6.0 6.5

0.0

0.2

0.4

0.6

0.8

1.0
(B)

 N
or

m
al

iz
ed

 si
gn

al

 

 

 Norm RI
 UV at 320nm
 UV at 254nm

Log M



Chapter 4: RAFT-mediated block copolymers in homogeneous media 

 89

Figure 4.18 depicts the –Mn and PDI versus conversion for the chain extension of poly 

(BA) with styrene, reactions 7-9.  The dotted lines indicating the predicted number 

average molecular weights were calculated using equation 2.9 described in Chapter 2.  
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Figure 4.18: Evolution of 

–
Mn and PDI for RAFT mediated chain extension of poly (butyl acrylate) with 

styrene, reactions 7-9. 

In reaction 7, the SEC number average molecular weight closely follows the predicted 

values early in the polymerization, and at higher conversions there is a slight 

deviation to lower values than predicted. The lower SEC –Mn is due to the appearance 

of a low molecular weight initiator-derived styrene homopolymer being formed in the 

chain extension step with an absence of UV (320nm) signal (Figure 4.15). In the early 

parts of the chain extension this low molecular weight shoulder is masked behind the 

main polymer distribution, but becomes more apparent at higher conversions, causing 

a slight bias towards lower –Mn values than predicted. The SEC –Mn increases linearly 

with conversion, and follows the predicted values over most of the conversion range, 

proving that the chain extension of poly (BA) with styrene is controlled. Supporting 

evidence for the control of reaction 7 is the low PDI values obtained, which appear to 

remain constant throughout the reaction, and have a final value of 1.25. Initially in 

reaction 8, the SEC –Mn is well above the predicted values and was due to a 
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pronounced high molecular weight shoulder consisting of branched poly (BA) 

products formed in the first polymerization step (Figure 4.16). It must be kept in mind 

that these chains are still living and successfully chain extended in the second 

polymerization step. The high molecular weight shoulder distorts the experimental –Mn 

to higher values than were predicted. At higher conversion the SEC –Mn approaches 

the predicted line and the last sample is below the predicted –Mn value. The deviation 

to lower molecular weight is due to a low molecular weight shoulder consisting of 

dead polystyrene formed in the second polymerization step. In the early stages of the 

polymerization, this homopolymer impurity is hidden behind the growing main 

polymer distribution, but at higher conversion its presence becomes more pronounced.  

The linear increase in molecular weight with conversion for most of the chain 

extension indicates that the block copolymerization is controlled. The PDI values 

remain somewhat constant throughout the polymerization and have a final value of 

1.46. The final PDI value of below 1.5 confirms that reaction 8 is indeed controlled. 

The SEC –Mn for reaction 9 is above predicted for most of the conversion range but the 

last sample has good agreement with the predicted values. The higher experimental 
–Mn is due to the star-star coupling termination products, which form a high molecular 

weight shoulder and bias the SEC –Mn to higher values than are predicted. The similar 

SEC –Mn for the last sample is due to the difference in hydrodynamic volume of the 

star polymers compared to their linear counterparts. Since SEC is calibrated against 

linear polystyrene standards, SEC is unable to accurately calculate the molecular 

weight of star material formed in reaction due to its lower hydrodynamic volume, 

leading to the difference between predicted and SEC –Mn values. The control obtained 

in reaction 9 was not as good as in reactions 7 and 8, the PDI values increased 

throughout the polymerization and ended on a final value of 1.99, which is well above 

the benchmark value of 1.5 for RAFT-mediated living radical polymerizations.  The 

broadening of the molecular weight distribution in reaction 9 is due to the trimodality 

of the polymer distribution. The three different distributions complicate the 

calculation of the molecular weight and subsequently increase the perceived PDI. 

4.4.2.3  Molecular weight distributions and UV-RI analysis of the chain 

extension of polystyrene with butyl acrylate 

Figure 4.19 A shows the molecular weight evolution for reaction 10: polystyrene 

made with monofunctional RAFT agent (I) and chain extended with butyl acrylate. 
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Figure 4.19: Reaction 10, chain extension of polystyrene made with monofunctional RAFT agent (I), 
with butyl acrylate. A = Evolution of the normalized molecular weight distributions with increasing 

conversion. B = Last sample normalized RI-UV overlay. 

The molecular weight distribution of reaction 10 is unimodal at low conversions and 

at higher conversion the distribution becomes bimodal with a large low molecular 

weight shoulder that is stationary. The formation of this dead material is caused by the 

addition of fresh initiator in the second chain extension step, which leads to some 

inevitable formation of poly (BA) homopolymer. Figure 4.19 B indicates an absence 

of UV signal at 320nm and at 254nm for the low molecular weight shoulder, 

supporting the fact that this distribution must be due to dead poly (BA) formed in the 

second step. At low conversion the dead homopolymer is masked behind the growing 

main block copolymer distribution. Most of the starting polystyrene is living and is 

chain extended to form higher molecular weight poly (styrene-b-butyl acrylate) 

copolymer. The main polymer distribution for the last sample of reaction 10 (Figure 

4.19 B) has perfect overlap between the UV signal at 320 nm and the RI signal, 

indicating that this distribution contains the trithiocarbonate end group. The UV signal 

at 254 nm is only seen in the main polymer distribution, indicating that the starting 

polystyrene chains were successfully chain extended with butyl acrylate.  

Figure 4.20 A depicts the molecular weight evolution for reaction 11: polystyrene 

made with difunctional RAFT agent (II), chain extended with butyl acrylate. The UV-

RI overlay at the wavelengths 254 nm and 320 nm for the last sample of reaction 11 is 

given in Figure 4.20 B. As described in Section 4.4.1.3, the starting polystyrene is 

bimodal and is due to two differing species being formed. The chains in the main 

polymer distribution contained two RAFT end groups, indicating ideal growth on both 
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sides of the difunctional RAFT agent.  The high molecular weight shoulder contained 

chains with more than two RAFT end groups and was speculated to be formed by 

chain transfer reactions of the polystyrene at high conversions (long chain branched 

products). 

 
 

 

 

 

 

 

 

 

 

 

Figure 4.20: Reaction 11, chain extension of polystyrene made with difunctional RAFT agent (II), with 
butyl acrylate. A = Evolution of the normalized molecular weight distributions with increasing 

conversion. B = Last sample normalized UV-RI overlay. 

The bimodal starting polystyrene is linearly shifted to higher molecular weights on the 

addition of the butyl acrylate.  Most of the starting polystyrene chains were thus living 

and successfully chain extended to produce block copolymer products.  The main 

polymer peak produces a butyl acrylate-styrene-butyl acrylate ABA triblock 

copolymer and the high molecular weight shoulder a multiblock copolymer. The UV-

RI overlay shows good agreement between the UV signal at 320 nm and the RI signal 

in the main polymer distribution, and the trithiocarbonate moiety is thus 

homogenously distributed throughout. The higher intensity of the UV signal at 320nm 

in the high molecular weight shoulder indicates that these chains must indeed contain 

more RAFT end groups than the main polymer distribution and may be due to 

branched species that have been chain extended with butyl acrylate in the second step. 

The perfect overlap between the UV signal at 254 nm and 320 nm in the main 

polymer distribution indicates that all the chains contained polystyrene and minimal 

butyl acrylate homopolymer was formed in the second chain extension step. The 

initial polystyrene was thus living and was successfully chain extended to form higher 

molecular weight block copolymers.  

Figure 4.21 A shows the molecular weight evolution for reaction 12: polystyrene 

made with trifunctional RAFT agent (III), chain extended with butyl acrylate. The 
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UV-RI overlay at the wavelengths 254 nm and 320 nm for the last sample of reaction 

12 is given in Figure 4.21 B. 
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Figure 4.21: Reaction 12, chain extension of polystyrene made with trifunctional RAFT agent (III), 
with butyl acrylate. A = Evolution of the normalized molecular weight distributions with increasing 

conversion. B = Last sample normalized UV-RI overlay. 

The starting polystyrene is trimodal (Figure 4.10) and, as discussed in Section 4.4.1.3, 

consists of a small amount of low molecular weight linear polystyrene, ideal three-

armed star material and star-star coupling termination products. The main polymer 

peak (ideal star) and high molecular weight shoulder linearly shift to higher molecular 

weights with conversion, thus proving the living nature of the starting styrene 

homopolymer. The UV-RI overlay for the last sample at 320 nm (Figure 4.21 B) 

shows lower UV signal intensity than the RI for the linear chains, good overlap for the 

main polymer distribution and higher UV than RI signal for the high molecular weight 

star-star coupling  products, proving that the RAFT moiety was homogenously 

distributed over the entire conversion range and the starting polystyrene was clearly 

transformed into styrene-butyl acrylate block copolymers. At higher conversions a 

stationary low molecular weight shoulder becomes apparent, this shoulder does not 

increase with conversion and is probably due to dead poly (BA) formed in the second 

chain extension step. Evidence for this is the absence of a UV signal at 254 nm in this 

low molecular weight region, which indicates that this polymer contains no 

polystyrene and thus must be due to initiator-derived terminated poly (BA).  

Figure 4.22 shows –Mn and PDI versus conversion for the chain extension of 

polystyrene with butyl acrylate, reaction 10-12.  The dotted lines indicate the 
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predicted number average molecular weights, calculated using equation 2.9 described 

in Chapter 2. 
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Figure 4.22: Evolution of 

–
Mn and PDI for RAFT-mediated chain extension of polystyrene with butyl 

acrylate, reactions 10-12. 

The SEC –Mn for reaction 10 is initially above predicted and towards the end of the 

polymerization becomes less than the predicted value. The masking of a significant 

amount of non-living homopolymer early in the reaction, behind the growing polymer 

peak, causes a bias of the SEC –Mn to higher values. At higher conversions the low 

molecular weight dead homopolymer is revealed and shifts the experimental –Mn to 

lower than predicted. The chain extension is however still controlled, indicated by the 

linear increase of the SEC –Mn with conversion and the roughly constant value for the 

PDI throughout the entire conversion range. The final value of the PDI is 1.46 and the 

slight increase when compared to the starting styrene homopolymer is due to the 

inclusion of the low molecular weight non-living shoulder in the final distribution. 

This low molecular weight shoulder also accounts for the deviation observed between 

the experimental and predicted –Mn values. Initially in reaction 11 the SEC –Mn is above 

predicted and gradually converges to the predicted values. The linear increase in the 

experimental –Mn with conversion and the good agreement with predicted molecular 
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weight at the end of the chain extension indicates that reaction 11 is controlled i.e. 

both RAFT groups react. The PDI increases slightly towards the end of the 

polymerization and has a final value of 1.48, which is below the cut-off value of 1.5 

for controlled RAFT-mediated polymerizations. Reaction 10 produced a large amount 

of dead poly (BA) in the second polymerization step, causing the monomodal 

distribution to become bimodal. Reaction 11 was bimodal throughout the reaction and 

the apparent absence of any new distributions being formed in the second chain 

extension and the bimodality of both  reactions 10 and 11 causes them to have similar 

final PDI values. The good agreement between experimental and predicted –Mn values 

for most of the conversion range in reaction 12 shows that the chain extension was 

controlled. There is however a deviation from predicted values at higher conversions, 

and the reason for the lower SEC –Mn values is twofold: firstly the appearance of a low 

molecular weight non-living homopolymer formed in the second step shifts the SEC 
–Mn values down, and secondly, and more importantly, the lower hydrodynamic 

volume of the star materials causes the values calculated by SEC (calibrated against 

linear polystyrene standards with a higher hydrodynamic volume) to be lower than 

predicted.  The PDI in reaction 12 increases more over the conversion range than in 

reactions 10 and 11. In reaction 12 there are three different visible polymer 

distributions included in the calculation of the PDI, while in reactions 10 and 11 there 

are only two major distributions. The final PDI of reaction 12 is 1.59, which may 

appear high but is simply due to the multimodality of the distribution. It is however 

evident that reaction 12 was indeed controlled and demonstrated by the linear increase 

of the SEC –Mn with conversion and the living nature of polymer distribution, which 

was clearly chain extended to form high molecular weight block copolymer products. 

4.4.2.4  Conclusions regarding block copolymerizations 

Order of monomer addition: When poly (butyl acrylate) was chain extended with 

styrene (reactions 7-9), all three starting poly (BA), made with RAFT agents I-III, 

grew linearly with conversion on addition of the second monomer, styrene.  The 

majority of the distributions contained a UV signal at 320 nm, indicating the polymers 

were living and were successfully chain extended to form high molecular weight 

block copolymers mediated by the RAFT process. The PDI values remained low and 

constant for reactions 7 and 8, but reaction 9 in which the trifunctional RAFT agent 

(III) was employed showed an increase in  PDI value. A linear increase in 
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experimental –Mn is seen for all three reactions, but some deviations did occur due to 

the inclusion of different distributions formed in each polymerization. The three 

polymerizations were well controlled and the formation of a small amount of 

polystyrene homopolymer impurity in each of the reactions 7-9 was unavoidable.  

When polystyrene was chain extended with butyl acrylate (reactions 10-12), the 

starting polystyrene for all three reactions was successfully chain extended with butyl 

acrylate to form high molecular weight block copolymer products. The experimental 
–Mn increased linearly with conversion for all three reactions. The SEC chromatograms 

for each reaction displayed the formation of a small amount of poly (BA) 

homopolymer impurity in the chain extension step, which, by the definition of RAFT-

mediated block copolymerization, is unavoidable.  A good agreement between 

predicted and experimental –Mn values was obtained for all three reactions and the 

deviations were well explained. All polymer distributions in all three reactions 

showed a UV signal at 320 nm and the distributions thus contained the 

trithiocarbonate moiety. In reactions 10-12, the formed block copolymers displayed 

characteristics consistent with a RAFT-mediated living radical polymerization; all 

three reactions showed nearly constant PDI values throughout the polymerization and 

had low final PDI values.  

In comparison, the best control and higher purity of block copolymer products was 

achieved when polystyrene was polymerized first and then subsequently chain 

extended with butyl acrylate. The poly (Sty-b-BA) polymerizations (reactions 10-12) 

had better agreement between predicted and experimental –Mn values, than the poly 

(BA-b-Sty) systems (reactions 7-9). Reactions 7 and 8, where BA made with 

monofunctional and difunctional RAFT agents respectively is chain extended with 

styrene, had similar PDI values to reactions 10 and 11 (Sty made with monofunctional 

and difunctional RAFT agents respectively, is chain extended with BA). The BA-b-

Sty reaction 9, where the trifunctional RAFT agent was used, had a much higher PDI 

value than the Sty-b-BA reaction 12, where the same RAFT agent was employed. The 

polystyrene propagating radical has a similar leaving group ability to an acrylate 

propagating radical,1 thus similar block copolymer formation was expected when 

either of the two monomers was polymerized first. This was to some extent the case 

with most of the reactions showing similar mediation characteristics but, overall, 
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styrene polymerized first gave the best results. It was thus concluded that for high 

purity controlled block copolymer products styrene should be polymerized first. 

Comparison of the behaviour of the three RAFT agents: Similar results were 

obtained when styrene was polymerized first (reactions 10-12) and when BA was 

polymerized first (reactions 7-9).  The order of control achieved in the three butyl 

acrylate chain extended with styrene experiments was reaction 7 (butyl acrylate 

homopolymer mediated with monofunctional RAFT agent (I)) > reaction 8 (butyl 

acrylate homopolymer mediated with difunctional RAFT agent (II)) > reaction 9 

(butyl acrylate homopolymer mediated with trifunctional RAFT agent (III)).  An 

identical order of control was achieved in the polystyrene chain extended with BA 

polymerizations, reaction 10 > reaction 11 > reaction 12. The decrease in control as 

we go from monofunctional RAFT agent to trifunctional RAFT agent is caused by the 

increasing number of trithiocarbonate moieties per RAFT agent, i.e. the functionality 

of the RAFT agent.  By increasing the functionality of the RAFT agent, the number of 

different distributions observed in the SEC chromatograms increased. This led to the 

conclusion that more side reactions occurred in the polymerization system as the 

number of thiocarbonyl thio moieties per RAFT agent was increased. 

Overall conclusion: Styrene should be polymerized first and then chain extended 

with butyl acrylate to form well-controlled block copolymer products. The order of 

control in block copolymer formation for the different RAFT agents is 

monofunctional (I) > difunctional (II) > trifunctional (III), and follows this trend for 

both monomer addition sequences. Block copolymer purity is greatest when 

monofunctional RAFT agent is used and decreases as difunctional and then 

trifunctional RAFT agents are used.  
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Abstract 

Block copolymers were produced in two steps in heterogeneous media via the RAFT 

living technique. Three trithiocarbonate RAFT agents are compared in the 

miniemulsion polymerization of styrene and butyl acrylate and the formation of 

seeded emulsion block copolymers. The order of block synthesis and the number of 

block segments per polymer are discussed. The use of non-ionic surfactants is 

examined and the type of surfactant in relation to the monomer used is found to have 

a significant effect on latex formation. Conditions are established by which AB, ABA 

and star-type block copolymers can be successfully prepared via a seeded RAFT-

mediated emulsion polymerization. 
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5.1  Introduction 
The living radical techniques have been widely used in homogeneous media (bulk and 

solution) but investigations in heterogeneous media (emulsion and miniemulsion) 

have only gained significant interest in the last few years.1 Miniemulsion 

polymerization is advantageous because the polymer particles are ideally a one-to-one 

copy of the original droplets; i.e., droplet nucleation is the dominant nucleation 

mechanism in miniemulsion polymerization2, thus eliminating the complication of 

different nucleation loci and various transportation issues within the polymerization 

system. The droplets can be considered as nanoreactors, which act independently 

while being converted into polymer particles.2,3 The RAFT mechanism is currently 

the most versatile living method to use in heterogeneous polymerization systems4-6 

and for this reason has been chosen for this study. Miniemulsion polymerizations 

mediated by the RAFT process have been shown to provide living polymers under 

correctly chosen conditions.7-9 Some additional rate retardation has been observed in 

RAFT miniemulsion polymerization when compared to conventional miniemulsions. 

This has been attributed to intermediate radical formation as well as to the exit of the 

radical leaving group from the droplets to the aqueous phase.10 As the addition of a 

RAFT agent to a reaction changes the composition of the miniemulsion, it is 

important to note that ideal miniemulsions are quite rare, even in conventional 

polymerizations, and droplet nucleation as well as homogeneous nucleation can 

occur.11 If the RAFT agents are capable of transport between droplets, new RAFT- 

mediated particles can be generated later in the polymerization, causing a broadening 

of the final particle size distribution and ultimately broadening of the molecular 

weight distribution.12 The use of oil-soluble RAFT agents in RAFT-mediated 

miniemulsion polymerization ensures that the controlling agent is homogeneously 

distributed in the initial droplets, and as these RAFT agents do not easily transport 

between droplets, they are present in the reaction locus from the beginning of the 

polymerization, ensuring that the final particles have similar average molecular 

weights. The use of polymeric non-ionic surfactants has been successfully employed 

to ensure that stable miniemulsions are produced and that droplet nucleation is the 

primary nucleation mechanism.3 Block copolymers have been successfully prepared 
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in miniemulsion using living techniques.13-15 The use of the RAFT process to produce 

block copolymers in miniemulsion has been shown by Butte et al.4 and de Brouwer et 

al.3 to produce reasonable results in reactions mediated by dithiobenzoate RAFT 

agents. The system used by de Brouwer’s group makes use of non-ionic surfactants 

and block copolymer purity is higher than in solution polymerizations. The presence 

of uncontrolled homopolymer in the second polymerization step confirms the 

difficulty in producing highly pure block copolymers. 

In this chapter the use of three trithiocarbonate RAFT agents (see Chapter 3) to 

mediate the polymerization of butyl acrylate and styrene in miniemulsion is 

investigated. Non-ionic surfactants and an oil-soluble initiator in conjunction with the 

RAFT agent are used to ensure a stable miniemulsion. The homopolymers are 

subsequently chain extended in a seeded emulsion polymerization to produce 

controlled block copolymers. The RAFT agents differ in respect to the number of 

trithiocarbonate moieties per molecule and consequently the hydrophobicity of the 

controlling agent.  The effect of the hydrophobicity of the RAFT agent on the 

colloidal stability and the PDI and molecular weight distribution (MWD) of the final 

polymer are investigated. The effect of the functionality of the RAFT agents is 

investigated in terms of the structure of the block copolymers produced. 

5.2 Experimental  

5.2.1  Reagents 
The surfactants Brij®98 (Sigma-Aldrich) and Igepal®CO-990 (Sigma-Aldrich), and 

hexadecane (99%, Sigma-Aldrich) were used as purchased. Butyl acrylate (BA, 99%, 

DOW SA) and styrene (Sty, 99.5%, Protea Chemicals) were washed with 0.3M 

potassium hydroxide solution and distilled in vacuo before use to remove inhibitor 

and polymer. Distilled deionised water (DDI), obtained from a Millipore Milli-Q-

purification system, was used. Azobis(isobutyronitrile) (AIBN, Riedel de Haen) was 

recrystallized from methanol. 
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5.2.2  Miniemulsion polymerization procedure 
A general miniemulsion procedure was used for all polymerizations. A miniemulsion 

is formed in two subsequent stages: a pre-emulsion is first formed by coarse mixing of 

the oil and water phases, followed by highly efficient homogenization.  

The oil and water phases were first prepared separately. The oil phase was prepared 

by dissolving the RAFT agent, the oil-soluble initiator (AIBN) and hydrophobe 

(hexadecane) in the monomer (styrene or butyl acrylate) in a 100-ml beaker and 

stirring with a magnetic stirrer. The water phase was prepared by dissolving the non-

ionic surfactant (Igepal®CO-990 or Brij®98) in distilled deionized water in a 250-ml 

long-form beaker, and stirring with a magnetic stirrer. The separate solutions were 

stirred to homogeneity and then combined in the long-form beaker containing the 

water phase. The combined phases were stirred at 1000 rpm for a further hour to form 

the pre-emulsion. The general formulation used for all miniemulsions is given in 

Table 5.1.  

Table 5.1: General miniemulsion formulation used for all polymerizations 

Monomer 20 g 

Initiator 1.52 x 10-4 mol 

RAFT Agent 4.2 x 10-4 mol O
il 

Ph
as

e 

Ultrahydrophobe 0.86 g 

Distilled Deionized Water 80 g 

W
at

er
 

Ph
as

e 

Surfactant 2 g 

The pre-emulsion was then sonicated with a Sonics Vibra Cell Autotune series 750 

VCX high-intensity ultrasonic processor for 15 minutes in a water-jacketed vessel to 

minimize preheating of the pre-emulsion. The amplitude was set at 80%, and the 

temperature cut-off for the probe was set at 50°C.  The average energy expended was 

approximately 100 kJ. The stable miniemulsion latex was then transferred to a 250 ml 

three-necked, round bottomed flask equipped with a septum and nitrogen gas inlet. 

The miniemulsions were degassed for 10 minutes by purging with nitrogen gas to 
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remove dissolved oxygen before the reaction vessel was heated to the reaction 

temperature.  The resulting miniemulsions were polymerized under a nitrogen  

atmosphere at 75°C. Samples were drawn via a septum and needle at specific time 

intervals. The samples were dried for SEC analysis and the conversions calculated 

gravimetrically.  

5.2.3   Seeded emulsion polymerization procedure for chain 
extension 

The formation of block copolymers was carried out in a second chain extension step 

making use of the homopolymer miniemulsion latexes, which served as a seed in a 

conventional emulsion polymerization.  

The miniemulsion seed latex was stirred at room temperature. AIBN (6.1 x 10-5 mol, 

0.010 g) was dissolved in an aliquot of second monomer for the chain extension 

(molar concentration equivalent was used to allow for the second block to be roughly 

double the molecular weight of the first) and then added to the seed latex. Additional 

distilled deionized water was added to the latex to keep the solids content constant 

(20% solids). The miniemulsion was stirred for a further 12 hours to allow for 

dispersion of the second monomer into the latex particles. After swelling of the seed 

latex, the reaction mixture was heated to 75°C. The chain extension was carried out 

under a nitrogen atmosphere and samples were drawn periodically. Gravimetry was 

used to determine the conversions.  

5.3 Results and discussion 

5.3.1  RAFT-mediated miniemulsions of butyl acrylate and 
styrene 

Three trithiocarbonate RAFT agents were used in miniemulsion polymerization to 

produce living homopolymers and how these could be chain extended to produce 

block copolymers is described here. Table 5.2 describes the experimental conditions 

used for the homopolymerizations of butyl acrylate and styrene with the use of non-

ionic surfactants. 
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Table 5.2: First step  homopolymer miniemulsion compositions: (Sty) indicates styrene and (BA) 
indicates butyl acrylate, with trithiocarbonate RAFT agents monofunctional (I), difunctional (II) and 

trifunctional (III) 
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1 I 4.19 BA 0.161 Brij®98 1.15 3.80 1.52 4.440 

2 II 4.17 BA 0.156 Brij®98 1.15 3.86 1.58 4.457 

3 III 4.04 BA 0.156 Brij®98 1.14 3.82 1.60 4.462 

4 - - BA 0.156 Brij®98 1.15 3.84 1.56 4.448 

5 I 4.12 Sty 0.192 Igepal®CO990 0.386 3.85 1.57 4.486 

6 II 4.06 Sty 0.192 Igepal®CO990 0.382 3.84 1.64 4.466 

7 III 4.05 Sty 0.195 Igepal®CO990 0.390 3.83 1.52 4.470 

8 - - Sty 0.194 Igepal®CO990 0.386 3.82 1.52 4.450 

The two non-ionic surfactants employed were Brij®98 and Igepal®CO-990. Brij®98 

is a poly oxyethylene oleyl ether; its structure is given in Scheme 5.1 (i), its number 

average molecular weight is 1750 g/mol, and its SEC chromatogram is given in 

Appendix D. Igepal®CO-990 is a poly oxyethylene nonylphenyl ether; its structure is 

given in Scheme 5.1 (ii), its number average molecular weight is 5260 g/mol, and  its 

SEC chromatogram is given in Appendix D. Non-ionic surfactants stabilize sterically 

as described in Section 2.2.3.3 and are classified according to a value known as the 

hydrophilic-lipophilic balance (HLB). The HLB of a surfactant is the balance of the 

size and strength of the hydrophilic (polar) and the lipophilic (non-polar) groups of 

the surfactant. For HLB values <10 the surfactant is oil-soluble and the emulsion 

formed is a water-in-oil dispersion. For a HLB >10 the surfactant is water-soluble and 

forms an oil-in-water emulsion. The HLB of Brij®98 is 15.3 and that of Igepal®CO-

990 is 19. The relatively high HLB values of these two surfactants ensure that oil-in-

water emulsions are formed.  
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H35C18 OCH2CH2 OH
n

n ~ 20

n

n ~ 100

H17C8 OCH2CH2 OH

i ii
 

Scheme 5.1: Structures of non-ionic surfactants, Brij®98 (i) and Igepal®CO-990 (ii). 

The structures of the three trithiocarbonate RAFT agents are given in Chapter 3. 

(Figure 3.1) Monofunctional RAFT agent (I), difunctional RAFT agent (II) and 

trifunctional RAFT agent (III) have similar radical supporting group and radical 

leaving group structures and, for this reason, we expect mediation characteristics for 

the three agents are expected to be similar. 

5.3.1.1  Rates of polymerization 

Figure 5.1 depicts the first-order rate plots determined gravimetrically for the butyl 

acrylate polymerizations. For reactions 1-3 the experimental conditions are identical 

apart from the RAFT agents employed.  
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Figure 5.1: First-order rate plots of monomer conversion versus time for the butyl acrylate 

miniemulsions; reaction 1: monofunctional RAFT agent (I), reaction 2: difunctional RAFT agent (II), 
reaction 3: trifunctional RAFT agent (III) and control reaction 4. 

The rates of polymerization for reaction 1-3 are comparable.  When the rates of 

reaction 1-3 are compared to that of the control reaction 4, where no RAFT agent is 

present, it is seen that the rate of polymerization in the presence of the trithiocarbonate 
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RAFT agents is nearly as fast as in the absence of RAFT agent, i.e., very little rate 

retardation is exhibited when these three trithiocarbonate RAFT agents are used under 

these conditions to polymerize butyl acrylate.  The relatively unstable intermediate 

radical for the trithiocarbonate RAFT agents (compared to dithiobenzoates for 

example10) will lead to faster addition and fragmentation and thus less rate retardation. 

Particle size determinations by dynamic light scattering indicate that the particles in 

reactions 1, 2, 3 and 4 are similar (Table 5.3).  

Table 5.3: DLS results for final latexes of butyl acrylate miniemulsions with non-ionic surfactant, 
Brij®98   

Reaction RAFT Z (average) nm Polydispersity 

1 I 182 0.01 

2 II 196 0.01 

3 III 180 0.02 

4 - 189 0.03 

TEM micrographs of reactions 1-3 confirm that the particles in reactions 1-3 are 

indeed similar (Figure 5.2); in each of the reactions 1-3 the final latex has a 

monodisperse distribution of particles as indicted by the uniformity of the particle size 

in all three TEM micrographs. The dark contrast around the butyl acrylate particles is 

due to the uranyl acetate stain used in the preparation of the latexes for TEM imaging.  
 

 

 

 

 

 

 

 

 

 

 

 
 

 



Chapter 5:  RAFT-mediated miniemulsion polymerization and synthesis 
of seeded emulsion block copolymers 

108 

 
Figure 5.2: TEM micrographs of the final latexes for the butyl acrylate miniemulsions: reaction 1 (A), 

reaction 2 (B) and reaction 3 (C).  

Figure 5.3 depicts the first-order rate plots for the RAFT-mediated styrene 

miniemulsions. The styrene polymerizations (reactions 5-8) are much slower than that 

of the butyl acrylate polymerizations (reactions 1-4) due to the difference in 

propagation rate coefficients (kp) of butyl acrylate, 3.4 x 104  L.mol-1s-1, and styrene, 

160 L.mol-1s-1 (at 20°C). 17  
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Figure 5.3: First-order rate plots of monomer conversion versus time for the styrene miniemulsions, 

reaction 5: monofunctional RAFT agent (I), reaction 6: difunctional RAFT agent (II), reaction 7: 
trifunctional RAFT agent (III) and control reaction 8 

Reaction 5 (monofunctional RAFT agent (I)) exhibits a large induction period in the 

beginning of the polymerization and has a lower rate than reactions 6 and 7. Reaction 

6 (difunctional RAFT agent (II)) and reaction 7 (trifunctional RAFT agent (III)) have 

similar rates and are comparable to the control reaction 6 (styrene polymerized 

without RAFT agent). The differences between reaction 5 and reactions 6 and 7 are 

largely due to the miniemulsions in reaction 6 and 7 not being completely stable, 

leading to some loss of control, which will be discussed in further detail in Section 

5.3.1.2. The dynamic light scattering results (Table 5.4) indicate that the final average 

particle size for reactions 6 and 7 and the control reaction 8 are similar, thus similar 

rates are expected. Control reaction 8 has an average particle size considerably 

smaller than reaction 5, implying that reaction 5 should inherently polymerize at a 

slower rate due to radical compartmentalization.  
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Table 5.4: DLS results for final latexes of styrene miniemulsions with non-ionic surfactant, 
Igepal®CO-990 

Reaction RAFT Z (average) nm Polydispersity 

5 I 162 0.01 

6 II 136 0.02 

7 III 137 0.02 

8 - 129 0.03 

The TEM micrograph for reaction 5 (Figure 5.4 A) illustrates that the final latex is 

composed mostly of similar sized particles, with the presence of a few small particles. 

The low polydispersity value for the particle size given by DLS supports this 

observation. The TEM micrographs of reactions 6 and 7 (Figure 5.4 B and C, 

respectively), however, show a slightly increased range of particle sizes than reaction 

5. This is reflected by the DLS results, which indicate the average size of the particles 

is smaller in reactions 6 and 7 than in reaction 5. The presence of many small sized 

particles in reactions 6 and 7 reduces the average particle size and a faster rate of 

polymerization is exhibited.   
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Figure 5.4: TEM micrographs of the final latexes for the styrene miniemulsions: reaction 5(A), 

reaction 6 (B) and reaction 7 (C). 

5.3.1.2  Molecular weight distributions and UV-RI analysis of the butyl 

acrylate miniemulsions 

The butyl acrylate miniemulsions were stabilized using the non-ionic surfactant, 

Brij®98. All three RAFT agents provided stable latexes, free of coagulation and the 

degree of control was investigated. Figure 5.5 A shows the SEC molecular weight 

distributions (MWDs) for the butyl acrylate miniemulsion, reaction 1, polymerized in 

the presence of monofunctional RAFT agent (I). The molecular weight distribution 

for reaction 1 shifts linearly with conversion, indicating living behavior. A single 

distribution is obtained throughout reaction 1, indicating that the primary nucleation 

mechanism is droplet nucleation. The use of a poorly water soluble leaving group in 

the RAFT agent and an oil-soluble initiator (AIBN) should decrease the amount of 

radical exit and subsequent termination in the aqueous phase. 
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 Figure 5.5:  (A) Evolution of the molecular weight distribution with conversion for the miniemulsion 
polymerization of butyl acrylate, Reaction 1, in the presence of monofunctional RAFT agent (I). (B) 

Final sample UV-RI overlay for Reaction 1. 

The molecular weight peak at approximately 1600 g/mol in the butyl acrylate SEC 

chromatogram, (Figure 5.5 A) is the surfactant Brij®98. The surfactant peak is of low 

molecular weight and separation from the growing polymer peak is not a concern in 

the Brij®98 systems. Later it will be shown that there is a baseline separation problem 

in the Igepal®CO-990 systems due to the larger hydrodynamic volume of the Igepal 

surfactant. The UV (320nm)-RI overlay for the final sample of reaction 1 (Figure 5.5 

B) indicates that the RAFT agent is incorporated throughout the distribution. 

Figure 5.6 A shows the SEC molecular weight distributions for the butyl acrylate 

miniemulsion, reaction 2, polymerized in the presence of difunctional RAFT agent 

(II). The evolution of the MWD for reaction 2 (Figure 5.6 A), butyl acrylate mediated 

with the difunctional RAFT agent (II), exhibits similar behaviour to reaction 1. The 

molecular weight distribution is unimodal and shifts to higher values with conversion. 

The apparent absence of other distributions indicates that droplet nucleation must be 

the primary nucleation mechanism. The increased hydrophobicity of the leaving group 

of the difunctional RAFT agent (II), compared monofunctional RAFT agent (I), 

ensures that radical exit from the polymer particles is minimized and thus decreases 

the amount of termination in the aqueous phase. If this termination is present in large 

amounts then a second distribution is observed in the SEC traces.  

 



Chapter 5:  RAFT-mediated miniemulsion polymerization and synthesis 
of seeded emulsion block copolymers 

113 

3.5 4.0 4.5 5.0 5.5 6.0

0

20

40

60

80

3.0 3.5 4.0 4.5 5.0 5.5 6.0

0.0

0.2

0.4

0.6

0.8

1.0
 R

I S
ig

na
l s

ca
le

d 
fo

r c
on

ve
rs

io
n (A)

Surfactant

Log M

(B)

 N
or

m
al

iz
ed

 si
gn

al

Log M

 NormRI
 NormUV

 
Figure 5.6:  (A) Evolution of the molecular weight distribution with conversion for the miniemulsion 

polymerization of butyl acrylate, Reaction 2, in the presence of difunctional RAFT agent (II). (B) Final 
sample UV and RI overlay for Reaction 2. 

The UV signal is in good agreement with the RI signal through most of the 

distribution, indicating the presence of the trithiocarbonate moiety. The high 

molecular weight side of the distribution however exhibits a higher UV signal 

intensity than the RI, as discussed in Section 4.4.1.2, is due to the formation of long 

chain branches commonly observed in butyl acrylate polymerizations. The branched 

polymer chains exhibit a higher UV signal because they contain more than two 

thiocarbonyl thio end groups, while the main polymer distribution contains the ideal 

two thiocarbonyl thio end groups of the initial difunctional RAFT agent. It is 

important to note that the high molecular weight distribution is almost absent in the 

miniemulsion (reaction 2) when compared to the pronounced distribution in the 

analogous solution butyl acrylate polymerization (reaction 2, Section 4.4.1.2). The 

reason can be because of the solvent in the solution reaction,  while the use of 

miniemulsion minimizes the formation of side products such as branched polymers, 

and is best compared to a bulk reaction.   

The evolution of the SEC molecular weight distributions for reaction 3, butyl acrylate 

polymerized in the presence of trifunctional RAFT agent (III), is depicted in Figure 

5.7 A. The SEC chromatogram for the first sample of reaction 3 is unimodal, but as 

higher conversions are achieved the MWD becomes increasingly bimodal, showing a 

low molecular weight shoulder that grows concurrently with the main polymer 

distribution. 
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Figure 5.7:  (A) Evolution of the molecular weight distribution with conversion for the miniemulsion 

polymerization of butyl acrylate, Reaction 3, in the presence of trifunctional RAFT agent (III). (B) 
Final sample UV and RI overlay for Reaction 3. 

The UV (320nm)-RI overlay for this reaction, shown in Figure 5.7 B, indicates that 

both distributions contain the trithiocarbonate end group. There is however a 

discrepancy between the intensity of the two signals in the low molecular weight 

shoulder, as well as in the high molecular weight region. The RAFT agent used in this 

reaction (trifunctional (III)) is expected to produce a three-armed star polymer and by 

the mechanism of star growth via the R-group approach (Section 4.2.3), a small 

amount of low molecular weight linear non-star RAFT end-capped material should 

inherently be formed. Another feature of star polymers is the formation of a high 

molecular weight peak due to star-star coupling termination products. It is evident 

from the lower UV signal in the low molecular weight region shown in Figure 5.7 B 

that these chains is likely to be due to linear RAFT-end capped BA homopolymer and 

the main polymer distribution with good UV-RI overlay must be due to ideal three-

armed star material. Similarly the higher UV signal in the higher molecular weight 

side of the distribution is likely to be due to star-star coupling termination products. 

The presence of the high molecular weight distribution is difficult to observe without 

the UV-RI overlay and termination in the miniemulsion polymerization of butyl 

acrylate with trifunctional RAFT agent (III) is drastically reduced when compared to 

the homogeneous polymerization of butyl acrylate with the same RAFT agent as 

described in Chapter 4. The hydrophobic nature of the RAFT agent and subsequently 

its R-group ensures that radical exit from the polymer particle is suppressed.  
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The results from dynamic light scattering experiments (Table 5.3) indicate that all 

butyl acrylate latexes (reactions 1-3) have narrow particle size distributions (low  

polydispersity values). The narrow particle size distribution suggests that all the 

particles in the miniemulsion were nucleated in a short time period and grew at 

similar rates by one primary nucleation mechanism. The TEM micrographs (Figure 

5.2 A-C) show that the particle sizes in the final latexes of reactions 1-3 are similar 

and confirm that the final latexes of the butyl acrylate polymerizations consist of a 

near monodisperse distribution of particle sizes.  

Figure 5.8 shows the –Mn and PDI versus conversion for reactions 1-3 (butyl acrylate 

polymerized with RAFT agents (I), (II) and (III), respectively). The predicted number 

average molecular weights were calculated using the following equation: 

 
–Mn = MRAFT + 

x[M]0MM
[RAFT]0

  (4.1) 

where –Mn is the predicted molecular weight, MM is the monomer molecular weight, 

MRAFT is the molecular weight of the RAFT agent, and [M]0, and [RAFT]0 are the 

initial concentrations of the monomer and RAFT agent. A similar approach to 

calculate the molecular weight was used by de Brouwer et al.3 who ignored the 

contribution of initiator derived chains in the calculation due to the low efficiency of 

initiator systems such as AIBN in heterogeneous polymerizations. The dotted lines 

indicate the predicted –Mn values. Figure 5.8 indicates that SEC –Mn grows linearly with 

time for all three butyl acrylate miniemulsion reactions 1-3.  For reaction 1, when 

monofunctional RAFT agent (I) is used, the SEC –Mn closely follows the predicted 

values over the studied conversion range while in reaction 2, where difunctional 

RAFT agent is used, the –Mn appears to start below the predicted value and slowly 

converges on the theoretical values. The slight deviation observed in reaction 2 is due 

to the artificial inclusion of the surfactant peak (as it causes baseline separation 

problems in the beginning of the reaction). 
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Figure 5.8: Evolution of 

–
Mn and PDI for RAFT-mediated BA miniemulsion polymerizations, reactions 

1-3.  

Similarly, in reaction 3, where trifunctional RAFT agent is used, the –Mn is initially 

above the predicted line, throughout most of the conversion range the SEC –Mn is 

slightly above predicted and towards the end of the reaction converges on the 

predicted values.   

The good agreement of the predicted and experimental –Mn values for reactions 1-3 

indicates that the miniemulsions are well controlled.  The PDI values of reaction 1 are 

low and remain roughly constant throughout the reaction. The PDI of the final latex is 

1.44. Reaction 2, in which the difunctional RAFT agent is used, shows higher PDI 

values than reaction 1 and has a final value of 1.67. This is expected, as the inclusion 

of a high molecular weight shoulder due to branched poly (BA) homopolymer in 

reaction 2 broadens the observed SEC distribution. Reaction 3, mediated by the 

trifunctional RAFT agent (III), exhibits a low and roughly constant PDI value over 

most of the conversion range and the final PDI value is 1.55. The PDI value is 
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intermediate between reactions 1 and 3, the increased PDI compared to reaction 1 

(monofunctional RAFT agent) is due to the inclusion of a low molecular weight 

shoulder in the calculation of the PDI for reaction 3, which broadens the distribution. 

These values of PDI (reactions 1-3) are larger than those reported by de Brouwer et 

al.3 for similar systems mediated by dithiobenzoate RAFT agents, but the higher 

target molecular weights reported here are one order of magnitude larger than the 

molecular weights of those systems and the target molecular weights are known to 

provide increased PDIs in miniemulsions mediated by the RAFT process.19 Another 

reason for the increased PDI in the butyl acrylate systems is probably related to the 

branching of butyl acrylate that occurs more frequently at higher conversions (low 

monomer to polymer ratios). During polymerization of butyl acrylate tertiary radicals 

are produced, and propagation of these tertiary radicals leads to branching of the 

polymer via intermolecular and intramolecular (backbiting) transfer to polymer.20 

5.3.1.3  Molecular weight distributions and UV-RI analysis of the styrene 

miniemulsions 

Preliminary testing showed that the surfactant Brij®98, used to stabilize the butyl 

acrylate miniemulsions, was not suitable to stabilize styrene miniemulsion 

polymerizations mediated by the RAFT process. Hence the non-ionic surfactant, 

Igepal®CO-990 was used to stabilize the styrene miniemulsions as the Igepal series 

of surfactants has been employed in this regard in the literature.3 Colloidal stability 

was an issue with the styrene latexes. Chan-Seng and Georges21 found similar 

colloidal instability when Igepal®CO-990 was used to stabilize latexes for the 

polymerization of styrene using ATRP. When the monofunctional RAFT agent (I) 

was used, a few large clear monomer drops formed at the top of the reaction mixture. 

The difunctional RAFT agent (II), reaction 6, and the trifunctional RAFT agent (III), 

reaction 7, gave greater phase separation in the starting latex. In all three cases the 

monomer layer was clear, indicating that the RAFT agent did not phase separate, and 

the layer disappeared after approximately one hour of polymerization.   
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Figure 5.9 A depicts the SEC molecular weight distributions for the styrene 

miniemulsion, reaction 5, polymerized in the presence of monofunctional RAFT agent 

(I). The polymerization shows controlled behaviour as the SEC chromatograms shift  

linearly with conversion. A single molecular weight distribution is seen throughout 

the polymerization, suggesting that droplet nucleation is the primary nucleation 

mechanism. 
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Figure 5.9:  (A) Evolution of the molecular weight distributions with conversion for the miniemulsion 

polymerization of styrene, Reaction 5, in the presence of monofunctional RAFT agent (I). (B) Final 
sample UV and RI overlay for Reaction 5. 

The DLS results indicate that reaction 5 has a narrow particle size distribution 

(polydispersity 0.01), which further supports that droplet nucleation, is the primary 

mechanism in this polymerization. The UV (320nm)-RI overlay of the final polymer 

latex (Figure 5.9 B) indicates that the thiocarbonyl thio moiety is homogeneously 

distributed throughout the molecular weight distribution.  

Figure 5.10 A shows the SEC molecular weight distributions for the styrene 

miniemulsion, reaction 6, polymerized in the presence of difunctional RAFT agent 

(II). The SEC traces clearly show a broadening of the molecular weight distribution 

with time, there is a shift in the molecular weight with conversion but this is much 

less pronounced than in the butyl acrylate reactions 1-3.  
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Figure 5.10:  (A) Evolution of the molecular weight distribution with conversion for the miniemulsion 

polymerization of styrene, Reaction 6, in the presence of difunctional RAFT agent (II). (B) Final 
sample UV and RI overlay for Reaction 6. 

The UV (320nm)-RI overlay (Figure 5.10 B) for this reaction indicates that the high 

molecular weight region of the distribution contains very little thiocarbonyl thio 

functionality. The distribution consists of an uncontrolled high molecular weight 

region and a lower molecular weight controlled region. The reason for this 

uncontrolled region is that the starting latex had stability problems and this could have 

led to the formation of new particles in the aqueous phase that were not mediated by 

the RAFT process.  Uncontrolled polymerization will proceed at a faster rate than 

RAFT-mediated particles due to the absence of the RAFT process and the 

concomitant intermediate radical formation. Reaction 6 hence shows a similar rate to 

control reaction 8 (no RAFT agent) shown in Figure 5.3. DLS analysis indicates that 

the size of the particles in the final latex of reaction 6 is smaller than in reaction 5 (see 

Table 5.4 for details) and the average number of particles calculated for reaction 6 is 

1.7 times larger than for reaction 5. The larger number of particles and the smaller 

size of the particles mean that the polymerization in reaction 6 will occur at a faster 

rate than reaction 5 (Figure 5.3). An explanation for this occurrence is increased 

secondary nucleation mechanisms in the aqueous phase in reaction 6, creating new 

distributions of particles, which polymerize via a conventional unretarded free radical 

polymerization mechanism.  

The SEC chromatograms for miniemulsion reaction 7, styrene polymerized in the 

presence of trifunctional RAFT agent (III), are shown in Figure 5.11 A. The 
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molecular weight distributions appear to shift linearly with conversion and closely 

resemble the MWDs obtained in reaction 6 (difunctional RAFT agent, Figure 5.10). 

Reaction 7 had similar instability problems in the starting latex as those experienced 

in reaction 6 and for this reason the behaviour of reactions 6 and 7 is expected to be 

similar.  
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Figure 5.11: (A) Evolution of the molecular weight distribution with conversion for the miniemulsion 

polymerization of styrene, Reaction 7, in the presence of trifunctional RAFT agent (III). (B) Final 
sample UV and RI overlay for Reaction 7. 

The UV-RI overlay for the last sample of reaction 7 (Figure 5.11 B) indicates that the 

high molecular weight region has an absence of UV signal at 320 nm and the low 

molecular weight region shows the presence of UV signal at 320nm. Reaction 7 is 

thus similar to reaction 6 and consists of a high molecular weight region of 

uncontrolled polymer not containing the thiocarbonyl thio moiety of the RAFT agent 

and a low molecular weight controlled polymer region.  The formation of new 

particles in the aqueous phase not mediated by the RAFT process is confirmed by the 

dynamic light scattering results, the average particle sizes of reactions 6 and 7 are 

similar and are smaller than reaction 5. The rates of reactions 6 and 7 are also similar 

(Figure 5.3), indicating that analogous reactions occur in both polymerization 

systems. A difference between the MWDs in reaction 7 to those obtained in reaction 6 

is the presence of a low molecular weight shoulder in reaction 7. Reaction 7 was 

mediated in the presence of the trifunctional RAFT agent (III) and, as stated earlier 

(Section 5.3.1.2), the formation of linear non-star RAFT end capped polymer is 

common in the R-group approach to star polymers. The value of this low molecular 

weight shoulder observed in reaction 7 is roughly one third of the molecular weight of 
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the controlled higher molecular weight peak and the lower UV signal in this region 

indicates that this distribution contains less thiocarbonyl thio end groups than the 

main polymer distribution, indicating that it is indeed a linear non-star RAFT end 

capped polymer.  

The molecular weight distribution with a peak maximum at approximately 5600 g/mol 

is the surfactant, Igepal®CO-990. The presence of this peak complicates calculation 

of the PDI values in the styrene miniemulsions, as there is baseline overlap between 

this peak and the polymer molecular weight distribution.  The SEC –Mn values were 

compared with the predicted –Mn values as well as the PDI versus conversion for the 

styrene miniemulsions, reactions 5-7, results are shown in Figure 5.12. 

0.0 0.2 0.4 0.6 0.8 1.0
0

2x104

4x104

6x104

8x104

1.0
1.5
2.0
2.5
3.0
3.5

 SEC Mn, Reaction 5
 SEC Mn, Reaction 6
 SEC Mn, Reaction 7
 Pre Mn, Reaction 5
 Pre Mn, Reaction 6
 Pre Mn, Reaction 7

M
n (g

/m
ol

)

Fractional conversion

  Reaction 5
  Reaction 6
  Reaction 7

 

PD
I

 
Figure 5.12: Evolution of 

–
Mn and PDI for RAFT-mediated Sty miniemulsion polymerizations, reactions 

5-7. 

The SEC –Mn for reaction 5 is initially above the predicted  –Mn values and at the end of 

the reaction approaches the predicted value, indicating good living behavior.  Control 

of the system is confirmed by the low PDI values throughout the polymerization, with 
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the final latex having a PDI value of 1.44. In the initial stages of reactions 6 and 7 the 

SEC –Mn follows predicted behaviour but as the reaction progresses it becomes 

increasingly larger than the predicted values. The deviation from the predicted values 

is due to the formation of high molecular weight uncontrolled polymer containing no 

RAFT agent. The high molecular weight shoulder present in both reactions’ 6 and 7 

SEC traces broadens the molecular weight distribution in each of these reactions and 

causes much larger –Mn values than predicted.  The high PDI values throughout both 

the reactions 6 and 7 indicate the loss of living character in these polymerizations. The 

final latex of reaction 6 has a PDI value of 2.89 and reaction 7 a PDI value of 2.80.  

5.3.1.4  Conclusions regarding miniemulsion homopolymerizations 

Comparison of the non-ionic surfactants: The non-ionic surfactant Brij®98 was 

used to stabilize the butyl acrylate miniemulsions. The initial reaction mixtures 

suffered no colloidal instability and produced controlled final latexes polymerized in 

the presence of all three trithiocarbonate RAFT agents (reactions 5-7). Igepal®CO-

990 was used to stabilize the styrene miniemulsions (reactions 1-3). All three RAFT-

mediated polymerizations showed some degree of colloidal instability and 

coagulation, with reaction 6 (difunctional RAFT agent) and reaction 7 (trifunctional 

RAFT agent) showing the most severe phase separation. The final latexes of reactions 

6 and 7 showed a mixture of controlled and uncontrolled polymer products, indicating 

that the Igepal®CO-990 stabilized miniemulsions were less efficient than those 

stabilized with Brij®98.  

Comparison of the two monomers, butyl acrylate and styrene: The butyl acrylate 

miniemulsions exhibited fast rates of reaction, experienced minimal rate retardation, 

and high conversions were achieved within a short time period. The styrene 

miniemulsions were slower, experienced rate retardation, but high conversions were 

however also obtained. The BA miniemulsions exhibited the greatest degree of 

control with no colloidal instability, the lowest PDI values, and good agreement 

between experimental and predicted –Mn values were observed. The styrene 

miniemulsions experienced colloidal instability and a greater loss of control, the PDI 

values were higher and the agreement between the SEC and predicted –Mn was not as 

good. The styrene miniemulsions, reactions 6 and 7, exhibited the most pronounced 
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colloidal instability and thus secondary particle nucleation and the subsequent 

production of uncontrolled non-RAFT end capped polymers was observed. The rate at 

which particles are nucleated in RAFT mediated heterogeneous polymerizations 

appears to be a critical factor in obtaining stable latex products. Acrylate and 

methacrylate22 latexes appear to provide more stable products due to the higher 

propagation rate coefficients and faster particle nucleation times. The rapid nucleation 

and stable latexes mean that the polymers that are produced have a narrow molecular 

weight distribution and correspond well to predicted molecular weights. 

Comparison of the behavior of the three RAFT agents: For both monomer systems 

the order of control achieved with the trithiocarbonate RAFT agents was as follows 

monofunctional > difunctional ~ trifunctional. There are two reasons for the decrease 

in control achieved when increasing the functionality of the RAFT agent. For the 

difunctional RAFT agent (II) the broadening of the molecular weight distribution is 

due to the formation of two or more different polymeric species: difunctional RAFT 

end capped chains and higher molecular weight chains containing more than two 

RAFT end groups, which lead to bimodality in the SEC traces. The increase in PDI 

values is well documented and discussed for homogeneous polymerization by 

Monteiro et al.23, where similar ratios of difunctional RAFT agent to initiator are 

used. The trifunctional RAFT agent (III) can produce three different types of 

polymeric species (as discussed in Section 4.2.3), linear RAFT end-capped chains, 

ideal star polymer and star-star coupling termination products. The formation of these 

different species can lead to a broadening in the molecular weight distribution. The 

second reason is the difference in the hydrophobicity of the intermediate radicals. The 

monofunctional RAFT agent (I) has a smaller leaving group radical and thus the 

probability of exit from the particle is greater than the larger more hydrophobic 

leaving radical of the difunctional RAFT agent (II). The probability of exit of the most 

hydrophobic leaving radical of the three, trifunctional RAFT agent (III), is even less 

than that of the monofunctional and difunctional. The relative exit probabilities of the 

leaving group radicals could potentially explain the loss in control obtained when the 

difunctional and trifunctional RAFT agents were used, but further investigation is 

required. 
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Overall conclusion: The trithiocarbonate RAFT agents proved to be successful in the 

mediation of non-ionic surfactant (Brij®98) stabilized miniemulsions, to produce 

well-controlled living butyl acrylate homopolymers. The styrene miniemulsions 

stabilized with Igepal®CO-990 gave some problems due to initial latex instability, but 

that surfactant still proved to be useful to produce controlled styrene homopolymers.   

5.3.2   RAFT-mediated block copolymerization 
The living character of the miniemulsions prepared in Section 5.3.1 was used in 

producing block copolymers by chain extension in seeded emulsion polymerizations. 

This was carried out in a second step, in which the final latex of reactions 1, 2, 3 and 

5, 6, 7 served as a seed for the second polymerization. Table 5.5 tabulates the 

quantities of reagents, experimental conditions and properties of the starting 

miniemulsion homopolymers used in the block copolymerizations. 

Table 5.5: Second step, block copolymer miniemulsion composition: Conversion (X), RAFT agent 
concentration, PDI and number average molecular weights of the starting latexes and monomer 
concentrations for the chain extension. (Sty) indicates styrene and (BA) indicates butyl acrylate 
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9 1 88 2.05 1.96 42 400 1.44 Sty 2.8 

10 2 85 2.46 2.07 43 600 1.67 Sty 4.47 

11 3 99 3.04 1.77 49 000 1.54 Sty 6.24 

12 5 90 2.59 2.24 39 400 1.44 BA 2.2 

13 6 98 3.65 2.91 48900 2.89 BA 3.19 

14 7 98 3.90 2.55 60 000 3.04 BA 3.28 

Recipes based on addition of monomer, 10 mg AIBN and additional DDI water to maintain the solids content at 20%. 

As previously stated in Section 4.4.2 the three RAFT agents employed are expected to 

produce different block structures. Monofunctional RAFT agent (I) will produce an 

AB-type block copolymer. Difunctional RAFT agent (II) will result in a block 

copolymer with an ABA structure and trifunctional RAFT agent will produce a three-

armed star block copolymer. In the block copolymerizations reactions 9-11, the poly 
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(butyl acrylate) products of reactions 1-3 respectively were used as the seed latexes 

for the second polymerization step with styrene. Similarly, reactions 12-14 used the 

polystyrene product of reactions 5-7 as the seed latexes for the chain extension with 

butyl acrylate in the second step. 

5.3.2.1  Rates of polymerization 

Figure 5.13 depicts the conversion-time profiles for reactions 9-11, namely the butyl 

acrylate-b-styrene copolymerizations. Reaction 9 behaves differently to reactions 10 

and 11, despite the only difference being the RAFT agents employed, which have 

similar structures. Reaction 11 has the slowest rate, reaction 10 has a slightly shorter 

induction period and then has a similar rate to reaction 11. Both reactions 10 and 11 

reach a limiting conversion of roughly 60%. Reaction 9 experiences no induction 

period and has the fastest rate of the three block copolymerization reactions. The final 

conversion of reaction 9 is 80%. 
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Figure 5.13: Experimental values of conversion as a function of reaction time for the butyl acrylate-b-
styrene miniemulsion copolymerizations, reaction 9 (seed latex, reaction 1), reaction 10 (seed latex, 

reaction 2) and reaction 11 (seed latex, reaction 3) 

The difference in rates can be explained by the dynamic light scattering (DLS) results 

(Table 5.6), which indicate that the final particle size for reaction 10 and 11 is much 

larger than for reaction 9. The larger average particle size in reactions 10 and 11 will 

result in a slower rate of polymerization. The increase in particle size can be attributed 

to an increasing amount of coagulation that occurs throughout the second 
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polymerization step due to the poor stability of the styrene latexes in the presence of 

Brij®98. Calculation of the average number of particles for reactions 10 and 11 

indicates that there is a much larger decrease in the number of particles going from the 

poly (butyl acrylate) seed to the poly (butyl acrylate-b-styrene) latex than in the case 

of reaction 9, supporting the conclusion of significant coagulation of particles. 
Table 5.6: DLS results for final latexes of butyl acrylate-b-styrene miniemulsion copolymerizations   

Reaction Starting latex Z (average) nm Polydispersity 

9 1 212 0.02 

10 2 355 0.18 

11 3 318 0.08 

The TEM micrographs of reactions 9-11 confirm the particle size results obtained by 

the DLS experiments. Figure 5.14 A shows the TEM micrograph of the final latex of 

reaction 9. The presence of a few new small particles is evident but most of the 

starting latex particles have increased in size as the poly (butyl acrylate) was chain 

extended with styrene to form larger block copolymer particles. Figure 5.14 B is the 

TEM micrograph of the final latex of reaction 10. The presence of large particles 

indicates that coagulation occurred in this reaction, and as is reflected by the higher 

average particle size obtained from the DLS results. Figure 5.14 C shows the final 

particle distribution for reaction 11.  It is clear from the TEM image that the average 

particle size of the starting poly (butyl acrylate) latex has increased in size on addition 

of the second monomer. The presence of a few larger particles explains the large 

increase in average particle size going from the seed latex (reaction 3) to the block 

copolymer latex (reaction 11), as confirmed from the DLS results.  

An interesting observation in all three TEM micrographs of final latexes of the butyl 

acrylate-b-styrene copolymers is the formation of particles with a core-shell 

morphology. The particles have a high contrast (dark) core, surrounded by a halo of 

weaker contrast shell. Due to the stronger hydrophobic character the polystyrene, 

when compared to butyl acrylate, the polystyrene forms the core of the particle, 

surrounded by the butyl acrylate shell. The polystyrene is unlikely to form the shell 

even if it is polymerized second as the most thermodynamically favourable 

morphology is when the polystyrene constitutes the core. If polystyrene was 



Chapter 5:  RAFT-mediated miniemulsion polymerization and synthesis 
of seeded emulsion block copolymers 

127 

polymerized in the second step the phase inversion would occur via polymer diffusion 

to maintain this optimum morphology.24 Polystyrene-b-butyl acrylate block 

copolymers with a similar core-shell morphology have been synthesized in 

miniemulsion using a xanthate-based RAFT polymerization.25,26 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: TEM micrographs of the final latexes for the butyl acrylate-b-styrene copolymerizations: 
reaction 9 (A), reaction 10  (B) and reaction 11 (C).  

The rates of polymerization of reactions 12-14 (Figure 5.15) are comparable and no 

significant induction period is observed at the beginning of the reactions. The absence 

of extended induction in the chain extension experiments is a result of particles 

already being present and no nucleation being required. The similar rates of 

polymerization are to be expected, as the only difference between the initial latexes is 

the RAFT agent employed, all of which have similar structures. The experimental 

conditions for the chain extension with styrene are identical.  
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Figure 5.15: Experimental values of conversion as a function of reaction time for the styrene-b- butyl 
acrylate miniemulsion copolymerizations, reaction 12 (seed latex, reaction 5), reaction 13 (seed latex, 

reaction 6) and reaction 14 (seed latex, reaction 7). 

The DLS results for the chain extension of the styrene latexes with butyl acrylate are 

given in Table 5.7. Comparison of the average particle size of the starting 

homopolymer latexes (reactions 5-6, Table 5.4) with the final latexes of the block 

copolymerizations indicates that the particles in all three starting latexes expanded in 

the chain extension step to produce particles roughly 30 nm larger in size. The 

majority of the initial polystyrene miniemulsion latex particles thus grew in size. The 

slight increase in the polydispersity value obtained by DLS for all three chain 

extension reactions can be attributed to the formation of a small amount of BA 

homopolymer particles in the second step.   
Table 5.7: DLS results for final latexes of styrene-b- butyl acrylate miniemulsion copolymerizations  

Reaction Starting latex Z (average) nm Polydispersity 

12 5 180 0.02 

13 6 160 0.02 

14 7 165 0.05 

The TEM micrographs for reactions 12-14 are given in Figure 5.16 A-C. Reaction 12 

consists of a distribution of particles with similar sizes (Figure 5.16 A) and there is a 

presence of a few light coloured smaller particles, which are due to poly (butyl 

acrylate) polymer particles formed in the chain extension step. A similar core-shell 

morphology is exhibited as in reactions 12-14, with the polystyrene (dark) core and a 
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butyl acrylate shell (light). The morphology is difficult to see in the TEM image of 

reaction 13 (Figure 5.16 B), probably due to the fact that the particles coagulate with 

each other and are difficult to differentiate in this image. It is still possible to see that 

the particle distribution in reaction 12 is somewhat monodisperse, with the particles 

having similar final sizes, and thus confirming the results obtained with DLS. The 

TEM micrograph for reaction 14 (Figure 5.16 C) shows similar sized particles in the 

final latex to reaction 13. The core-shell morphology is easily seen with the strong 

contrasts. The particles from the initial polystyrene latex (reaction 7) have clearly 

increased in size (reaction 14).  

 
Figure 5.16: TEM micrographs of the final latexes for the styrene-b-butyl acrylate copolymerizations: 

reaction 12 (A), reaction 13  (B) and reaction 14 (C). 

5.3.2.2  Molecular weight distributions and UV-RI analysis of the chain 

extension of poly (butyl acrylate) miniemulsion seed latexes with styrene 

The normalized evolution of the MWD for reaction 9 is shown in Figure 5.17 A.  The 

MWD of the growing polymer derived from the initial poly (butyl acrylate) latex 
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(reaction 1) is shifted to higher values with conversion on addition of the second 

monomer, clearly indicating the growth of polymer from original seed latex and its 

transformation into a block copolymer.  
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Figure 5.17: (A) Normalized SEC chromatograms of the chain extension of the butyl acrylate 

miniemulsion seed latex (reaction 1), with styrene, reaction 9:  final 
–
Mn 138000 and PDI 2.07. (B) UV-

RI overlay for the final latex of reaction 9.   

Figure 5.17 A indicates that most of the original poly (butyl acrylate) is living and 

underwent addition-fragmentation chain transfer to form a polymer with a higher 

molecular weight. In block copolymer formation mediated by the RAFT process an 

inherent problem is the formation of homopolymers derived from initiator fragments 

used to reactivate the chains. These homopolymer chains invariably lead to 

broadening of the MWD and are sometimes observed as a low molecular weight 

shoulder but are often not resolved from the main peak due to the logarithmic nature 

of the SEC chromatogram. In Figure 5.17, using the monofunctional RAFT agent, it is 

not easy to observe this homopolymer distribution. The UV (254 nm)-RI overlays for 

reaction 9 (Figure 5.17 B) indicate that the entire distribution of chains contains 

polystyrene and that most of the starting poly (butyl acrylate) latex is chain extended 

with styrene to form butyl acrylate-styrene block copolymer. The lack of UV (320 

nm) signal in the low molecular weight region indicates that a small amount of 

initiator-derived polystyrene was indeed formed.  The good UV (320nm)-RI overlap 

throughout most of the MWD indicates that the thiocarbonyl thio moiety was 

homogeneously distributed throughout the majority of the chains.  
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The final butyl acrylate latex from reaction 2 was used as the seed for reaction 10 and 

chain extended in the second step with styrene. The normalized SEC chromatograms 

for reaction 10 are shown in Figure 5.18 A. 
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Figure 5.18:(A) Normalized SEC chromatograms of the chain extension of the butyl acrylate 

miniemulsion seed latex (reaction 2), with styrene, reaction 10: final 
–
Mn109 800 and PDI 2.48. (B) 

UV-RI overlay for the final latex of reaction 10. 

The SEC MWD grows linearly with conversion, as in reaction 9. This is to be 

expected as the same reaction conditions are employed, the only difference being that 

the difunctional RAFT agent (II) is used in reaction 10. The presence of a low 

molecular weight shoulder in reaction 10 is more pronounced than in reaction 9. The 

shoulder remains stationary and, as mentioned previously, is due to polystyrene 

homopolymer generated in the chain reactivation process using RAFT-mediated 

polymerization. Supporting evidence for the formation of low molecular weight 

initiator-derived polystyrene homopolymer in the chain extension step is the absence 

of UV (320nm) signal in the low molecular weight shoulder. The UV-RI overlay for 

the last sample of reaction 10 at 254 nm (Figure 5.18 B) suggests that the low 

molecular weight shoulder is indeed polystyrene and the perfect overlap throughout 

the entire distribution indicates that most of the starting butyl acrylate was chain 

extended to form butyl acrylate-styrene block copolymer. The UV signal at 320 nm 

matches the RI signal throughout the main polymer distribution illustrating the 

presence of the RAFT moiety and the ideal growth of the starting poly (BA) chains 

containing two thio carbonyl end groups. The starting latex for reaction 10, butyl 

acrylate homopolymer (reaction 2), had a higher UV signal intensity in the high 
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molecular weight region due to the branching of butyl acrylate at higher conversions 

and this branched homopolymer thus had more than two thiocarbonyl thio end groups. 

The increased UV signal in the high molecular weight region of the distribution 

(Figure 5.18 B) clearly shows the chain extension of the starting branched poly (BA) 

to form higher molecular weight block copolymer products.  

The evolution of the normalized SEC MWD for the chain extension of the butyl 

acrylate seed latex (reaction 3) with styrene, reaction 11, is shown in Figure 5.19 A.  
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Figure 5.19: (A) Normalized SEC chromatograms of the chain extension of the butyl acrylate 

miniemulsion seed latex (reaction 3), with styrene, reaction 11: final 
–
Mn 87 300 and PDI 2.28. (B) UV-

RI overlay for the final latex of reaction 9.   

In reaction 11 the molecular weight distribution of the initial poly (butyl acrylate) 

seed latex (reaction 3) is shifted to higher values on addition of the second monomer, 

styrene. The formation of a low molecular weight shoulder similar to reaction 10, at 

the beginning of the chain extension, which shifts linearly to higher molecular weight 

with conversion, is due to the formation of a small amount of polystyrene 

homopolymer in the second step. A difference between reaction 10 (difunctional 

RAFT agent) and reaction 11 (trifunctional RAFT agent) is that the initial 

homopolymer in reaction 11 is bimodal. The bimodality was explained in Section 

5.3.1.2: the low molecular weight shoulder was due to RAFT end-capped BA 

homopolymer and the main polymer distribution was attributed to ideal three-armed 

star material. The linear growth of the main polymer distribution as well as the low 

molecular weight linear BA homopolymer indicates that most of the initial poly (butyl 

acrylate) was living and was transformed into higher molecular weight block 
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copolymer products. The linear poly (butyl acrylate) chains produce AB type block 

copolymer and the ideal star material forms a three-armed star block copolymer. In 

addition to these two block copolymer distributions a small amount of polystyrene 

homopolymer was formed in the chain extension step. The UV-RI overlay for the last 

sample of reaction 11 is given in Figure 5.19 B. The entire distribution contains UV 

signal at 254 nm, indicating that the low molecular weight shoulder must be due to 

styrene homopolymer formed in the second step, and the majority of the starting BA 

homopolymer must have been chain extended to form BA-b-Sty copolymer products. 

The UV signal at 320 nm absent in the newly formed low molecular weight shoulder 

and the chains must be due to a small amount of initiator-derived polystyrene 

homopolymer formed in the second step. The UV (320nm) signal is lower than the RI 

signal for the main low molecular weight shoulder that grows with conversion, and is 

due linear non-star poly (BA) homopolymer being chain extended with styrene. The 

UV (320nm) signal corresponds with the RI signal in the main polymer distribution 

and is due to ideal three-armed star block copolymer formation. The small high 

molecular weight shoulder that exhibits a higher UV 320nm signal as discussed in the 

starting poly (BA) latex (reaction 3), is due to star-star coupling termination products 

or branching products that clearly form higher molecular weight block copolymer 

products on addition of the second monomer.  Overall the UV signal at 320nm is 

present throughout the entire final distribution, demonstrating that most of the chains 

contained the thiocarbonyl thio moiety and were living.    

Figure 5.20 shows the –Mn and PDI versus conversion for reactions 9-11 (butyl 

acrylate homopolymers chain extended with styrene, reactions 1-3). It must be noted 

that the predicted values provided in Figure 5.20 are merely a guideline as they do not 

consider termination processes and the fact that there are multiple distributions of 

polymer inherently present during a block formation reaction mediated by the RAFT 

process. The predicted –Mn values are calculated with the same equation (equation 4.1) 

used for the calculation of the homopolymer seed latexes. The predicted and SEC –Mn 

values correlate well at low conversions for reaction 9, but as the conversion reaches 

60% there is a large deviation and the SEC –Mn values appear to level out. The lower 

final SEC –Mn values are due to the formation of shorter chain material, as observed in 
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Figure 5.17, which results in the number average molecular weight remaining fairly 

constant even though the peak molecular weight is clearly still increasing and in the 

process broadening the distribution of polymer chains. The PDI value for the final 

block copolymer is substantially higher (PDI 2.07) than that of the starting seed latex 

(PDI 1.44) as a result.  
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Figure 5.20: Evolution of  

–
Mn and PDI for butyl acrylate-b-styrene copolymer miniemulsions: 

reactions 9-11, butyl acrylate chain extended with styrene. 

There is a large deviation between the predicted and SEC –Mn values for reaction 10 as 

shown in Figure 5.20. The SEC –Mn values remain linear over the entire conversion 

range but are well below the predicted values.  The difference can be attributed to the 

low molecular weight shoulder that remains stationary as well as an increase in the 

average number of chains. The generation of new polystyrene chains causes a 

broadening in the molecular weight distribution. The final PDI (2.48) of reaction 10 is 

substantially larger than that of reaction 9 (2.07).  The larger PDI obtained with the 

difunctional RAFT agent (II) is expected to be due to the large number of 
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distributions that are possible in this system. coexist with difunctional block 

copolymers that contain a varying number of initial RAFT agent leaving. The 

presence of branched poly (BA) homopolymers formed in the first polymerization 

step also broadens the molecular weight distribution. These distributions not only 

have differing initial molecular weights, but also will grow at different rates due to 

their varied degrees of functionality. The SEC –Mn for reaction 11 increases linearly 

over the entire conversion range, there is however a strong deviation between the SEC 

and predicted –Mn values. From beginning of the reaction the experimental –Mn value is 

below the predicted and the deviation becomes progressively larger as higher 

conversions are achieved. The deviation can be attributed to two main causes: Firstly, 

the main polymer distribution is a three-armed star copolymer, and the hydrodynamic 

volume of a star polymer is smaller than that of its linear counterpart. The SEC 

calibration is performed with linear polystyrene standards and thus the SEC –Mn of the 

star copolymer is not a true reflection of the molecular weight of this block 

copolymer. Secondly, the formation of low molecular weight AB type BA-b-styrene 

copolymer and low molecular weight polystyrene formed in the second chain 

extension step causes the –Mn to further deviate to lower molecular weights than 

predicted.  The inclusion of these low molecular weight products with the main star 

block copolymer distribution increases the PDI values. Hence, the PDI value for the 

final block copolymer is substantially higher (PDI 2.28) than that of the starting seed 

latex (PDI 1.54). The PDI value of the final latex in reaction 11 is smaller than in 

reaction 10 (2.48) due to lower final molecular weight achieved in reaction 11.  

5.3.2.3  Molecular weight distributions and UV-RI analysis of the chain 

extension of polystyrene miniemulsion seed latexes with butyl acrylate 

Reaction 12, in which the seed latex is the final polystyrene product of reaction 5, was 

chain extended with butyl acrylate in the second polymerization step. The normalized 

SEC chromatograms for reaction 12 are illustrated in Figure 5.21 A. The MWD of the 

starting polystyrene polymer (reaction 5) moves to higher molecular weights with 

conversion, clearly showing the living character of the original polymer. The presence 

of a small low molecular weight polystyrene shoulder indicates that only a small 

amount of the original polymer was not chain extended. The low molecular weight 
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polystyrene shoulder consists of irreversibly terminated chains generated in the first 

step or terminated shortly after reinitiation in the blocking reaction.   
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Figure 5.21: (A) Normalized SEC chromatograms of the chain extension of the styrene miniemulsion 

seed latex (reaction 5) with butyl acrylate: reaction 12, final 
–
Mn  70 100 and PDI 1.99. (B) UV-RI 

overlay for the final latex of reaction 12.   

The UV-RI overlay at 254 nm (Figure 5.21 B) indicates that polystyrene is present 

throughout the MWD.  The UV signal at 320 nm matches the RI signal throughout 

most of the main polymer distribution and indicates that the trithiocarbonate end 

group is homogenously distributed throughout the distribution. The lower UV 

(320nm) signal in the low molecular weight stationary shoulder proves that these 

chains are indeed due to dead polystyrene.  

When reaction 6 is used as the seed latex for reaction 13, the starting polystyrene latex 

exhibits some loss in control and thus the block copolymerization in the second step 

with butyl acrylate was expected to produce non-ideal results. The normalized SEC 

chromatograms for reaction 13 are shown in Figure 5.22 A. It is evident from the 

molecular weight distributions that the peak is multimodal (Figure 5.22 B 1-4). The 

starting polystyrene as discussed previously, consists of high molecular weight 

uncontrolled polystyrene and RAFT end capped material. On chain extension with 

butyl acrylate, in the second step, the living chains are expected to grow, while the 

dead chains should not change in terms of retention time. The low molecular weight 

distribution (1) is terminated polystyrene that has an unchanged retention time and 

broadens the molecular mass distribution. The lack of UV (320nm) signal and the 

presence of UV signal at 254nm in this low molecular weight distribution supports the 
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fact that this distribution must be due to dead polystyrene chains that do not possess 

the thiocarbonyl thio moiety.  The intermediate distribution in the SEC 

chromatograms for reaction 13 is the main polymer distribution (2), which increases 

linearly with conversion and thus indicates that a large portion of the chains were 

living and chain extended with BA in the second step. Majority of the main polymer 

distribution (2) exhibits a good overlap between the UV (320nm) and the RI signal, 

indicating these chains contain the same number of RAFT end groups; two 

thiocarbonyl thio moieties per chain as is consistent with ideal growth of the initial 

difunctional RAFT agent. There is however a lack of UV (320nm) signal in the higher 

molecular weight region of distribution (2), indicating the presence of some chains 

that lack the thiocarbonyl thio moiety. These chains must be due to uncontrolled 

polystyrene present from the first polymerization step that is masked behind the 

growing Sty-b-BA copolymer distribution.    
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Figure 5.22: (A) Normalized SEC chromatograms of the chain extension of the styrene miniemulsion 
seed latex (reaction 6) with butyl acrylate, reaction 13:  final 

–
Mn 112 800 and PDI 3.71. (B) UV-RI 

overlay for the final latex of reaction 13.   

A third distribution (3), a high molecular weight shoulder, forms in the second 

polymerization step and increases in size as the polymerization proceeds. This 

distribution exhibits a higher UV (320nm) signal than the RI signal, indicating that 

these chains contain more than two thiocarbonyl thio moieties per chain. These chains 

are due to branching of the butyl acrylate via intermolecular transfer reactions that 

lead to the formation of high molecular weight branched block copolymer products 

with more than two RAFT end groups per chain.  The highest molecular weight 
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distribution (4) has an absence of UV signal at 320nm, indicating that the chains in 

this high molecular weight shoulder contain no RAFT agent. The high molecular 

weight distribution is due to uncontrolled polymer being formed in the second step via 

new or existing secondary (uncontrolled) particles in the aqueous phase. 

The evolution of the normalized MWD for the block copolymerization reaction 14, in 

which the polystyrene latex produced in reaction 7 is chain extended with butyl 

acrylate (Figure 5.23 A), exhibits behaviour similar to reaction 13. The initial 

polystyrene is trimodal (see Section 5.3.1.3); the low molecular weight distribution is 

attributed to terminated polystyrene, the intermediate peak is linear RAFT end-capped 

chains and the main polymer distribution consists of controlled ideal three-armed star 

material and uncontrolled high molecular weight styrene homopolymer.  
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Figure 5.23: (A) Normalized SEC chromatograms of the chain extension of the styrene miniemulsion 
seed latex (reaction 7) with butyl acrylate, reaction 14:  final 

–
Mn 168 600 and PDI 3.35. (B) UV-RI 

overlay for the final latex of reaction 14.   

The final block copolymer distribution for reaction 14 is shown in Figure 5.23 B 1-4. 

The low molecular weight distribution (1) has an unchanged retention time, lacks UV 

signal at 320nm and contains UV signal at 254nm. This low molecular weight 

distribution (1) must be due to due to terminated polystyrene formed in the first step. 

On chain extension with butyl acrylate, distribution (2) in Figure 5.23 A (linear RAFT 

end-capped polystyrene) and distribution (3) (ideal three-armed thiocarbonyl thio end-

capped star polymer) are shifted to higher molecular weights, forming AB type and 

three-armed star block copolymers, respectively. Distribution (2) contains UV signal 

at 320nm but the signal intensity is lower than the RI throughout, confirming that the 
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chains in this distribution contain one RAFT end group per chain and must be due to 

the formation of linear Sty-b-BA copolymer.  The main polymer distribution (3) has 

excellent UV (320nm)-RI signal agreement throughout the distribution and shows that 

this distribution comprises three-armed star Sty-BA block copolymer products with 

three RAFT end groups per chain.  The high molecular weight distribution (4) appears 

to grow linearly with conversion and must consist of star-star coupling termination 

products (Section 4.4.1.2) that contain more than three thiocarbonyl thio end groups 

per chain. Distribution (4) is thus expected to exhibit a higher UV (320nm) signal due 

to the increased number of RAFT end groups per chain. Distribution (4) however 

displays a lower UV signal intensity than the RI throughout the distribution, 

indicating it must contain a mixture of controlled and uncontrolled polymer products 

(similar to Reaction 13). The distribution must consist of controlled star-star coupling 

products that grow as the chain extension proceeds to form high molecular weight 

Sty-b-BA block copolymer products. In addition to the controlled block copolymer 

products, uncontrolled poly (BA) formed in the second step and uncontrolled 

polystyrene present from the first step and overlap this controlled distribution. The 

uncontrolled distributions lower the UV signal intensity in distribution (4) as they do 

not contain the RAFT moiety.   

Figure 5.24 shows the number average molecular weight and PDI versus conversion 

for reactions 12-14 (styrene homopolymers, reactions 5-7, chain extended with butyl 

acrylate). Reaction 12 shows a linear increase in the SEC –Mn, however it is below the 

predicted –Mn values throughout the entire conversion range. The deviation and 

concomitant broadening of the MWD is caused by the inclusion of the low molecular 

weight terminated polystyrene present in the seed latex from reaction 5. The SEC 

chromatograms (Figure 5.21) show that this low molecular weight shoulder is not well 

separated from the growing block copolymer peak, causing a lowering of the –Mn 

values when compared to the predicted values for a monomodal distribution. The PDI 

values for reaction 12 increase from the starting latex (1.44) and then level off to a 

final value of 2.16. 
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Figure 5.24: Evolution of 

–
Mn and PDI for styrene-b-butyl acrylate copolymer miniemulsions: reactions 
12-14, styrene chain extended with butyl acrylate. 

Reactions 13 and 14 exhibit similar results as shown in Figure 5.24. The large 

deviation between the predicted and SEC –Mn values for both reaction 13 and 14 is due 

to the molecular weight distributions being at least trimodal. The presence of the 

uncontrolled polystyrene distribution from the initial latex (secondary particle 

formation) and the high molecular weight uncontrolled butyl acrylate distribution 

formed in the seeded polymerization of these secondary particles leads to distortion in 

the SEC –Mn values, away from the predicted for a controlled reaction. The PDI values 

in the second chain extension step of reactions 13 and 14 are similar and increase until 

the end of the polymerization. Reaction 13 has a final PDI of 3.71 and reaction 14, a 

PDI value of 3.35.  The inclusion of the high molecular weight uncontrolled 

homopolymer in reactions 13 and 14 broadens the molecular weight distribution, 

leading to high PDI values. The broadening of the PDI in all three reactions 12-14 can 

also be partially attributed to the branching of the butyl acrylate polymer at higher 

molecular weights via intermolecular transfer reactions.27   
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5.3.2.4  Conclusions regarding block copolymerizations 

Order of monomer addition: The butyl acrylate styrene block copolymers (reactions 

9-11) produced from butyl acrylate, Brij®98 stabilized seed latexes (reactions 1-3) 

exhibited no colloidal instability and produced the most controlled block copolymers 

with the highest block copolymer purity. The block copolymers (reactions 12-14) 

polymerized from the Igepal®CO-990 stabilized styrene seed latexes (reactions 5-7) 

suffered from colloidal instability, loss in control and a subsequent lower block 

copolymer purity. For all three RAFT agents the PDI values of the subsequent block 

copolymer latexes were much lower when the butyl acrylate was polymerized first. 

The order of block formation is important when the relative leaving group abilities of 

the monomers differ. To form a well controlled AB block copolymer in a batch 

polymerization process, the first formed A block should have a high transfer constant 

in the subsequent polymerization to give the B block. In principle, either polystyrene 

or butyl acrylate can be polymerized first as the polystyryl propagating radical has a 

similar leaving group ability to the polybutyl acrylyl propagating radical.28 Although 

both monomers should theoretically produce similar block copolymer products via the 

RAFT process in heterogeneous media, the ability of butyl acrylate to form stable 

latexes leads to a preference for the use of the acrylate monomer for the first block, 

followed by chain extension.  

Comparison of the behavior of the three RAFT agents: The three trithiocarbonate 

RAFT agents behaved differently within each monomer system. Monofunctional 

RAFT agent (I) behaved similarly when either BA or Sty was polymerized first. In 

both reactions 9 and 12 it is clear that high molecular weight AB block copolymers 

with similar block sizes are produced. The majority of the starting homopolymer 

chains were shown to grow to produce fairly high purity block copolymers. In 

reaction 9 when butyl acrylate was chain extended with styrene, a small amount of 

styrene homopolymer clearly formed in the second step. In reaction 12 when styrene 

is chain extended with butyl acrylate, the formation of homopolymer was not easily 

observed due to the broader distribution. The difunctional and trifunctional RAFT 

agents behaved similarly with each monomer addition sequence; when butyl acrylate 

was polymerized first most of the starting homopolymer was chain extended to form 
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high molecular weight block copolymer products with the formation of a small 

amount of uncontrolled polystyrene homopolymer in the second step (reactions 10 

and 11). Styrene polymerized first produced a mixture of controlled and uncontrolled 

polymer products in the first step. On addition of butyl acrylate most of the starting 

latex was shifted to higher molecular weight values indicating the livingness of the 

system (reactions 13 and 14). However, the formation of uncontrolled BA 

homopolymer in the second step led to a broadening of the MWD and a subsequent 

lowering of the block copolymer purity when compared to reactions 10 and 11. The 

order of control in terms of PDI, agreement between predicted and experimental –Mn 

values and block copolymer purity for the three trithiocarbonate RAFT agents for 

each order of monomer addition was as follows: monofunctional > difunctional ~ 

trifunctional. The difference in behaviour between the three RAFT agents may be 

attributed to the hydrophobicity of the intermediate radicals. The monofunctional 

RAFT agent (I) has a smaller leaving group radical and thus the probability of exit 

from the particle is greater than the larger more hydrophobic leaving radical of the 

difunctional (II) and trifunctional RAFT agents (III). The relative exit probabilities of 

the leaving group radicals could potentially explain the loss in control obtained when 

the difunctional and trifunctional RAFT agents are used.  

Overall conclusion: The formation of butyl acrylate styrene block copolymers has 

been successfully carried out in miniemulsion mediated by trithiocarbonate RAFT 

agents. The choice of surfactant and block sequence was important in reducing the 

influence of terminated chains on the distributions of polymer that were obtained.  

AB, ABA and star type block copolymers were observed to form almost 

quantitatively when the surfactant and block sequence were correctly chosen. Stable 

latexes were obtained when the non-ionic surfactant  Brij®98 was used to polymerize 

butyl acrylate in RAFT-mediated miniemulsion polymerization. Monofunctional (I), 

difunctional (II) and trifunctional (III) RAFT agents produced stable latexes under 

these conditions. The addition of RAFT agent to the butyl acrylate system caused no 

significant rate retardation, while still yielding relatively good control over polymer 

molecular weight.  Block copolymers of butyl acrylate-styrene were produced in 

fairly high purity when styrene was polymerized in the second step. The use of the 

non-ionic surfactant Igepal®CO-990 to stabilize RAFT-mediated styrene 
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miniemulsion polymerizations led to latex instability problems and the formation of 

non-ideal block copolymers in the presence of all three RAFT agents. The use of non-

ionic surfactants in concert with RAFT agents that do not retard polymerization and 

lead to fairly high conversions seems ideal for the formation of efficient seed latexes; 

in this case the preferred monomer for the initial seed polymerization was butyl 

acrylate. 
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Chapter 6: RAFT-mediated Emulsion Polymerization 

and Synthesis of Block Copolymers 

Abstract 

AB-type block copolymers were produced in two steps via a RAFT-mediated 

emulsion polymerization. The monofunctional RAFT agent (I), prepared as described 

in Chapter 3 was used to mediate the polymerizations in two differing RAFT-

mediated emulsion systems, namely in situ and ab initio emulsions. The 

homopolymer latexes produced in these systems served as the seeds for the 

subsequent block copolymerization reactions. The degree of livingness of the initial 

latexes and the ability of the RAFT living technique to control the block 

copolymerizations were investigated.
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6.1  Introduction 
Application of the RAFT-mediated living polymerization process in conventional 

emulsion polymerization has not achieved the same success as RAFT-mediated 

miniemulsion polymerization.1 The use of RAFT in ab initio emulsion is complicated 

because of partitioning of the RAFT agent among the three phases present in the 

system: namely, the monomer macro droplets, the aqueous phase and the polymer 

particles. In conventional emulsion polymerization the transport of RAFT agent 

between these different phases in the polymerization system is more important than in 

the case of miniemulsion.  The RAFT agent, which, if highly water-insoluble, will 

initially be present in the monomer macro droplets and during polymerization, has to 

be transported through the aqueous phase to the locus of polymerization (i.e. the 

polymer particles).2 The solubility of the RAFT agent thus plays an important role in 

its transport within the system. Studies of the effect of RAFT agent solubility on the 

behaviour of the living emulsion polymerization have found that highly hydrophilic 

RAFT agents cause significant rate retardation.3 On the other hand, highly 

hydrophobic RAFT agents have difficulty being transported through the water phase 

and considerable polymerization takes place within the monomer macro droplets, 

causing a decrease in control of the polymerization system, i.e. broader 

polydispersities and greater deviation between predicted and experimental number 

average molecular weights.4   

In this chapter, two different approaches to the RAFT-mediated conventional 

emulsion polymerization system are investigated.  The monofunctional RAFT agent 

(I) (Chapter 3) is used to produce AB block copolymers in an ab initio polymerization 

and an in situ emulsion polymerization. The degree of livingness of the starting 

homopolymer latex is investigated as well as the control obtained in the homopolymer 

synthesis and chain extension (second seeded emulsion polymerization step).  The 

RAFT-mediated ab initio emulsion system comprises standard emulsion ingredients: 

namely, an ionic surfactant, water, monomer, initiator system and the RAFT agent. 

The use of a REDOX initiator system (Iron (II) sulphate hydrate and water-soluble 

potassium persulphate) in this study is the major difference between a conventional 

RAFT-mediated emulsion system, which usually utilizes only a water-soluble or oil-

soluble initiator. The RAFT-mediated in situ emulsion system is unique in the manner 

in which the surfactant is formed.  A carboxylic acid is dissolved in the monomer 
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phase and a base/alkali is dissolved in the water phase, and then on addition of the two 

a neutralization reaction occurs (Scheme 6.1) to provide the surfactant at the water-

monomer interface.5 This is unlike conventional emulsion polymerization systems 

where the surfactant absorbs on the surface of the droplets. The formation of the 

surfactant “in situ” allows the degree of dispersion and the stability of the formed 

emulsion to be controlled and it has been found that the use of this surfactant system 

produces an initial latex with a narrow particle size distribution.5  

Scheme 6.1: In situ formation of the surfactant  

6.2 Experimental  

6.2.1  Reagents 
The water-soluble initiator, potassium persulphate (>99%, Sigma-Aldrich), REDOX 

initiator, iron(II)sulphate hydrate (99.99%, Aldrich), stearic acid (97%, Merck), 

potassium phosphate tribasic (98%, Sigma-Aldrich), potassium hydroxide (85%, 

Saarchem) and surfactant sodium dodecyl sulphate (99%, BDH Biochemical) were 

used as purchased. Butyl acrylate (BA, 99%, DOW SA) and styrene (Sty, 99.5%, 

Protea chemicals) were washed with 0.3M potassium hydroxide solution and distilled 

in vacuo before use to remove inhibitor and polymer. Distilled deionised water (DDI), 

obtained from a Millipore Milli-Q-purification system, was used.  

6.2.2  Emulsion polymerization procedure 
The oil and water phases were first prepared separately and then combined to form a 

conventional emulsion by coarse mixing.  

6.2.2.1  In situ emulsion procedure  

The water phase was prepared by adding the initiator (KPS), buffer (potassium 

phosphate tribasic) and base (potassium hydroxide) to distilled deionized water.  The 

water phase was placed in a 100-ml round-bottomed flask containing a magnetic 

stirrer bar and equipped with a septum and nitrogen gas inlet.  The water phase was 

then purged with nitrogen gas until all the components were dissolved. The oil phase 

CH3 (CH2)18 COOH

Stearic acid

+ KOH CH3 (CH2)18 COO  K

Potassium hydroxide Surfactant molecule

+-
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was prepared by dissolving the RAFT agent and the acid (stearic acid) in the 

monomer (styrene or butyl acrylate) in a 50-ml beaker with a magnetic stirrer.  The oil 

phase was added in one shot to the round-bottomed flask containing the water phase 

and the combined phases were degassed for 10 min by purging with nitrogen gas to 

remove any dissolved oxygen before the reaction vessel was heated to the reaction 

temperature.  The resulting emulsion was polymerized under nitrogen atmosphere at 

65°C. Samples were drawn via a septum and needle at specific time intervals. The 

samples were dried for SEC analysis and the conversions calculated gravimetrically. 

The general recipe used for the in situ emulsions is given in Table 6.1.  

Table 6.1: General in situ emulsion formulation 

Monomer 10 g 

Stearic acid 0.6038 g 

O
il 

Ph
as

e 

RAFT Agent Varied 

Distilled deionized water 40 g 

Initiator Varied 

 Base  0.164 g 

W
at

er
 P

ha
se

 

Buffer 0.4 g 

6.2.2.2  Ab initio emulsion procedure 

The water phase was prepared by adding the REDOX initiator combination (KPS and 

iron(II)sulphate hydrate) and surfactant (sodium dodecyl sulphate) to distilled 

deionized water.  The water phase was placed in a 100-ml round-bottomed flask 

containing a magnetic stirrer bar and equipped with a septum and nitrogen gas inlet.  

The water phase was then purged with nitrogen gas until all the components were 

dissolved. The oil phase was prepared by dissolving the RAFT agent in the monomer 

(styrene or butyl acrylate) in a 50-ml beaker with a magnetic stirrer.  The oil phase 

was added in one shot to the round-bottomed flask containing the water phase and the 

combined phases were degassed for 10 min by purging with nitrogen gas to remove 

dissolved oxygen before the reaction vessel was heated to the reaction temperature.  

The resulting emulsion was polymerized under nitrogen atmosphere at 70°C. The 

general recipe used for the ab initio emulsions is given in Table 6.2.  
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Table 6.2: General ab initio emulsion formulation 

Monomer 10 g 

O
il 

Ph
as

e 

RAFT agent Varied 

Distilled deionized water 37.5 g 

KPS 0.013 g 

Iron(II)sulphate hydrate  0.012 g 

W
at

er
 P

ha
se

 

Surfactant 1 g 

6.2.3   Seeded emulsion polymerization procedure for the chain 
extension 
In this study the living character of the homopolymer latexes was exploited in 

producing block copolymers by chain extension in a seeded emulsion polymerization.  

This was carried out in a second step, in which the final latex of reactions 1, 2 and 5 

served as a seed for the second polymerization. 

The emulsion seed latex was stirred at room temperature. Fresh initiator, KPS (3.7 x 

10-5 mol, 0.010 g), was added with an aliquot of the second monomer to the seed latex 

for the chain extension (molar concentration equivalent to allow for the second block 

to be roughly double the molecular weight of the first). Additional distilled deionized 

water was added to the latex to keep the solids contents constant (20% solids). The 

emulsion was stirred for a further 12 hours to allow for dispersion of the second 

monomer in the latex particles. After swelling of the seed latex, the reaction mixture 

was heated to the desired reaction temperature. The chain extension was carried out 

under nitrogen atmosphere and samples were drawn periodically for analysis. 

Gravimetry was used to determine the conversion.  

6.3 Results and discussion 

6.3.1  RAFT-mediated in situ emulsions and chain extension via 
a seeded emulsion to produce block copolymers 

The synthesis of living butyl acrylate and styrene homopolymer latexes via a RAFT-

mediated in situ emulsion polymerization is presented. The monofunctional RAFT 
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agent (I) was used to mediate both the styrene and butyl acrylate in situ emulsions. 

The experimental conditions, reagent quantities and final polymer properties for the 

homopolymers are given in Table 6.3.  
Table 6.3: First step, homopolymer in situ emulsion compositions, (Sty) indicates styrene and (BA) 

indicates butyl acrylate 
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1 0.252  BA 8.41 8.093  94 67 500 1.55 

2 4.30  Sty 9.62 0.151 95 31 500 1.42 

Based on the addition of 40 g DDI water, 0.4 g potassium triphosphate and 0.6038 g stearic acid.  

The final latexes obtained in reactions 1 and 2 served as seeds for the second chain 

extension step via a seeded emulsion. The butyl acrylate homopolymer latex, reaction 

1, served as the seed for the chain extension with styrene to produce a AB type block 

copolymer in reaction 3.  The styrene homopolymer latex, reaction 2, served as the 

seed for the chain extension with butyl acrylate to produce a block copolymer in 

reaction 4. The experimental conditions, reagent quantities and final polymer 

properties for the block copolymers are given in Table 6.4. 
Table 6.4: Second step, block copolymer emulsion composition, (Sty) indicates styrene and (BA) 

indicates butyl acrylate. 
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3 1 1.97 Sty 2.51 88 102 500 1.65 

4 2 4.76 BA 2.19 94 58 900 1.50 

Based on the addition of DDI water to keep the solids content at 20%, 0.01 g KPS and 15 g starting latex. Reaction 
temperature, 65°C. 

6.3.1.1  Rates of polymerization 

Figure 6.1 depicts the conversion-time profiles for the RAFT-mediated butyl acrylate 

and styrene in situ emulsions (reactions 1 and 2, respectively) and the chain extension 

of these latexes with styrene and butyl acrylate to form AB type block copolymers 

(reactions 3 and 4, respectively).  
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Figure 6.1: Experimental values of conversion as a function of reaction time for the in situ emulsions. 
Butyl acrylate homopolymerization (reaction 1), styrene homopolymerization (reaction 2) and chain 

extension of starting latexes to form butyl acrylate-b-styrene (reaction 3) and styrene-b-butyl acrylate 
(reaction 4) copolymers. 

The styrene homopolymerization, reaction 2, is slower than the butyl acrylate 

homopolymerization, reaction 1. The RAFT agent concentration employed in reaction 

2 is one order of magnitude larger than that used in reaction 1, and this inevitably 

leads to reaction 2 exhibiting more rate retardation than reaction 1. Another reason for 

the difference in rate is simply due to the differences in propagation rate coefficients 

(kp) of the two monomers. The butyl acrylate homopolymerization, reaction 1, 

reached ~100% conversion in 15 minutes, and the styrene homopolymerization, 

reaction 2, reached near to full conversion in 55 minutes. When reactions 1 and 2 are 

compared to homogeneous (Chapter 4) and miniemulsion (Chapter 5) polymerizations 

employing the same RAFT agent and monomer, the in situ emulsions exhibit a rate 

considerably faster than both. The absence of significant rate retardation, which is 

commonly observed in RAFT-mediated polymerizations, in reactions 1 and 2 

indicates that nucleation of the particles occurred very quickly and that most of the 

polymer particles started growing simultaneously. The results from dynamic light 

scattering (Table 6.5) indicate that the average particle size of reaction 2 is half that of 

reaction 1. This should result in reaction 2 having a faster rate of polymerization than 

reaction 1 since in a conventional emulsion decreasing particle size leads to an 

increase in rate. It is however not the case here due to the increased RAFT agent 

concentration used in reaction 2, which clearly causes a significant decrease in the 

rate compared to reaction 1.   
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Table 6.5: DLS results for final latexes of the in situ emulsions, reactions 1-4  

Reaction Z (average) nm Polydispersity

1 135 0.01 

2 66 0.20 

3 155 0.02 

4 78 0.30 

The final latex of reaction 1 (poly (butyl acrylate)) served as the seed in a chain 

extension with styrene carried out in a second step to form an AB-type block 

copolymer (reaction 3). Similarly, the latex of reaction 2 (polystyrene) was chain 

extended with butyl acrylate to form a block copolymer product (reaction 4). The rate 

of polymerization for reactions 3 and 4 are similar (Figure 6.1). Both reactions exhibit 

a fast rate and reach their limiting conversion after roughly 20 minutes. The absence 

of significant rate retardation and hardly any induction period in the chain extension 

experiments is a result of particles already being present and no nucleation being 

required. The DLS results (Table 6.5) for the chain extension reactions 3 and 4 

indicate that the seed latexes in reactions 1 and 2 respectively, increase in size on 

addition of the second monomer.  

6.3.1.2  Molecular weight distributions and UV-RI analysis of the in situ 

emulsions and their chain extension to form block copolymers  

Figure 6.2 A shows the normalized SEC molecular weight distributions for the butyl 

acrylate in situ emulsion, reaction 1. The molecular weight distribution is bimodal 

throughout the entire conversion range. The low molecular weight peak is much 

smaller than the high molecular weight distribution and appears to have an unchanged 

retention value. The water-soluble initiator concentration used in this system is high in 

comparison to that used in conventional emulsion systems and subsequently leads to a 

high radical concentration initially present in the aqueous phase. The formation of a 

large number of oligomeric RAFT end-capped chains in the aqueous phase that 

coagulate can lead to secondary particle formation but the reason for the absence of 

growth in these particles is unclear. It is speculated that these dormant RAFT end- 

capped chains grow at a reduced rate when compared to the main polymer distribution 

due to monomer starvation or the absence of radical activity and thus appear to remain 

stationary. Another possible reason is a continuous influx of new chains which would 

lead to the same overall result. The presence of the UV signal at 320 nm in the low 
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molecular weight distribution confirms the formation of short chains containing the 

RAFT end-group functionality. The main molecular weight distribution shifts linearly 

to higher values with increasing conversion and is due to ideal thiocarbonyl thio end-

capped polymer. The UV-RI overlay for the last sample of reaction 1 is given in 

Figure 6.2 B. The perfect overlap between the UV at 320 nm and the RI signal 

indicates that the high molecular weight distribution is indeed RAFT end-capped poly 

(butyl acrylate). The formation of the low molecular weight distribution due to 

dormant oligomeric RAFT end-capped chains is unavoidable when such a large 

initiator concentration is employed but the molecular weight distribution remains 

somewhat narrow even in the presence of this low molecular weight impurity. The use 

of a lower initiator concentration could decrease the amount of dormant oligomeric 

polymer being formed, by reducing the initiator radical concentration in the aqueous 

phase.  
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 Figure 6.2:  (A) Evolution of the molecular weight distribution with conversion for the in situ emulsion 

of butyl acrylate, reaction 1. (B) Final sample UV and RI overlay for reaction 1. 

The evolution of the normalized MWD for the block copolymerization reaction 3, in 

which the poly (butyl acrylate) latex produced in reaction 1 is chain extended with 

styrene, is shown in Figure 6.3 A. Most of the initial poly (butyl acrylate) shifts to 

higher molecular weights on addition of the second monomer, styrene, clearly 

showing the livingness of the seed and its transformation into higher molecular weight 

block copolymer product.  
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Figure 6.3: (A) Normalized SEC chromatograms of the chain extension of the butyl acrylate in situ 
emulsion seed latex (reaction 1), with styrene, reaction 3. (B) Final sample UV and RI overlay for 

reaction 3. 

The low molecular weight oligomeric RAFT end-capped BA homopolymer formed in 

the first polymerization step appears to shift to higher values on addition of the second 

monomer, substantiating the fact that this distribution was living. The main polymer 

distribution shifts to higher values and simultaneously the formation of a high 

molecular weight shoulder occurs. The UV-RI analysis of the last sample of the chain 

extension is shown in Figure 6.3 B. The low molecular weight shoulder and the main 

polymer distribution contains UV signal at 320 nm, indicating that the 

trithiocarbonate moiety is homogenously distributed throughout. Both of the lastly 

mentioned distributions contain UV signal at 254 nm, indicating the presence of 

polystyrene, and further supporting the fact that these distributions are due to butyl 

acrylate-b-styrene copolymers. The high molecular weight shoulder formed in the 

chain extension step contains UV signal at 254 nm but no UV signal at 320 nm, 

indicating that this distribution must be due to uncontrolled polystyrene formed in 

secondary particles with an absence of RAFT agent. The majority of starting poly 

(butyl acrylate) was chain extended with styrene to form high molecular weight block 

copolymer products with a formation of some uncontrolled styrene homopolymer in 

the second step.   

The evolution of the molecular weight distribution for the in situ homopolymerization 

of styrene, reaction 2, is given in Figure 6.4 A. The MWD of the first sample of 

reaction 2 is bimodal, and as the polymerization proceeds the distribution becomes 

trimodal. The initial bimodality can be attributed to a low molecular weight RAFT-

end-capped dormant oligomeric polystyrene being formed in the aqueous phase and a 

larger ideal RAFT end-capped polymer distribution. Throughout the polymerization 
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the retention value of the low molecular weight distribution remains unchanged and, 

similarly to reaction 1, must be due to chains coagulating in the water phase to form 

particles that are somehow lacking radical activity and subsequently do not grow. The 

good agreement between UV (320nm) and RI signal throughout this low molecular 

weight distribution supports the suggestion that these chains are dormant oligomeric 

RAFT end-capped.   
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Figure 6.4: (A) Evolution of the molecular weight distribution with conversion for the in situ emulsion 

of styrene, reaction 2. (B) Final sample UV and RI overlay for reaction 2.  

As the conversion increases a third distribution becomes apparent with a molecular 

weight intermediate of the two previously mentioned. The main polymer distribution 

and this intermediate distribution both shift to higher values of molecular weight as 

the conversion increases indicating they are mediated by the RAFT living process. 

The multiple distributions present in each SEC trace can be attributed to a number of 

different nucleation mechanisms occurring simultaneously, as well as the transport of 

the RAFT agent between particles. The main polymer distribution can be due to ideal 

micellar nucleation and the secondary distribution can be attributed to either droplet 

or homogenous nucleation. The transport of the RAFT agent through the water phase 

to the active sites of propagation broadens the molecular weight distribution by 

changing the concentration of the controlling agent within each of these sites. The 

intermediate and high molecular weight distributions in the last sample of reaction 2 

both contain UV absorbance at 320 nm, shown in Figure 6.4 B. The presence of the 

UV signal indicates that both of these distributions contain chains that possess the 

thiocarbonyl thio end group and both distributions were thus mediated by the RAFT 

process.   
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Figure 6.5 A depicts the evolution of the normalized MWD for the block 

copolymerization reaction 4, in which the polystyrene latex produced in reaction 2 is 

chain extended with butyl acrylate.  
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Figure 6.5: (A) Normalized SEC chromatograms of the chain extension of the styrene in situ emulsion 

seed latex (reaction 2), with butyl acrylate, reaction 4. (B) Final sample UV and RI overlay for 
reaction 4. 

The low molecular weight terminated polystyrene distribution remains stationary. The 

intermediate and main polymer distributions clearly shift to higher values on addition 

of the butyl acrylate monomer, indicating growth of the initial polystyrene and its 

modification into higher molecular weight poly (Sty-b-BA) copolymer. The absence 

of any new distributions being formed in the second polymerization step indicates that 

a minimal amount of new particles were nucleated and the RAFT end-capped chains 

from the seed latex were reactivated and chain extended to form block copolymer 

products.  The UV-RI overlay for the last sample of reaction 4 is shown in Figure 6.5 

B. The lack of UV signal at 320nm in the low molecular weight shoulder indicates 

that this distribution must be due to terminated polystyrene present from the first 

polymerization step or shortly after the reactivation step. The perfect overlap between 

the UV signal at 320 nm and the RI signal for the bimodal distribution supports the 

conclusion that these two final distributions are RAFT end-capped and are made up of 

poly (Sty-b-BA) copolymer products. Further evidence supporting the formation of 

higher molecular weight block copolymer products is the presence of the UV signal at 

254 nm, indicating polystyrene, throughout the bimodal distribution. The shift of the 

MWD of the initial polystyrene to higher molecular weights indicates that a large part 

of the starting homopolymer was living and underwent chain extension to form block 

copolymer products.  
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Figure 6.6 shows the number average molecular weight and PDI versus conversion for 

the in situ emulsions, reactions 1-4. The predicted number average molecular weights 

were calculated using Equation 5.1 (Chapter 5). The dotted lines indicate the 

predicted –Mn values.  

0.2 0.4 0.6 0.8 1.0

0.0

2.0x104

4.0x104

6.0x104

8.0x104

1.0x105

1.2x105
1.00
1.25
1.50
1.75
2.00

M
n (g

/m
ol

)

Fractional conversion

 Pre Mn, Reaction 1
 SEC Mn, Reaction 1
 Pre Mn, Reaction 2
 SEC Mn, Reaction 2
 Pre Mn, Reaction 3
 SEC Mn, Reaction 3
 Pre Mn Reaction 4
 SEC Mn Reaction 4

 Reaction 1
 Reaction 2
 Reaction 3
 Reaction 4

 

PD
I

 
Figure 6.6: Evolution of  

–
Mn and PDI for RAFT-mediated in situ emulsion polymerizations, reactions 

1-4. 

The SEC –Mn increases linearly with conversion for reaction 1, in situ emulsion 

polymerization of butyl acrylate mediated with monofunctional RAFT agent (I), but is 

above the predicted value throughout the polymerization. The deviation can be 

attributed to a large amount of the RAFT agent being consumed and forming dormant 

oligomeric RAFT end-capped chains that do not grow. This results in a lower overall 

RAFT agent concentration and a subsequent increase in the experimental molecular 

weight when compared to predicted values. The PDI for reaction 1 stays roughly 

constant throughout the entire conversion range and has a final value of 1.55. 

Reaction 2, in which polystyrene is polymerized via an in situ emulsion in the 

presence of monofunctional RAFT agent (I), initially shows good agreement between 

the SEC and predicted –Mn values. At higher conversions the SEC –Mn departs from 

predicted and then towards the end of the polymerization it converges. The reason for 
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the deviation can be attributed to the formation of three overlapping molecular weight 

distributions, which distort the SEC –Mn away from the predicted values. The PDI is 

initially high and gradually decreases to a final value of 1.42. The final PDI value is 

below the benchmark value of 1.5 defining controlled polymerizations, substantiating 

that the polymerization of styrene mediated by the RAFT process in an in situ 

emulsion was successful in producing controlled homopolymers. The SEC –Mn is 

above the predicted line throughout the entire conversion range for reaction 3 (poly 

(BA), seed latex reaction 1, chain extended with styrene). The formation of a small 

amount of uncontrolled polystyrene in the chain extension step (Figure 6.3) distorts 

the SEC number average molecular weight to higher values than predicted. The 

presence of the uncontrolled high molecular weight shoulder broadens the molecular 

weight distribution and the PDI values increase as the polymerization progresses. The 

PDI of the final sample of reaction 3 is 1.65 and is clearly the largest of the four in 

situ emulsion polymerizations.  The final PDI value is however relatively good for a 

conventional emulsion mediated by the RAFT process2 and compared to the similar 

miniemulsion system described in Chapter 5, reaction 3 is well controlled. The SEC 
–Mn increases linearly for reaction 4 (poly (Sty), seed latex reaction 2, chain extended 

with butyl acrylate). The SEC –Mn values initially converge with the predicted, deviate 

slightly and then towards the end of the polymerization converge again. Reaction 4 

exhibits the best agreement between predicted and SEC number average molecular 

weights when compared to reactions 1-3. The good agreement between the predicted 

and SEC –Mn values when compared to the similar block copolymerization reaction 3 

is due to the absence of the formation of uncontrolled homopolymer in the second 

step as was found in reaction 3. The control of reaction 4 is further confirmed by the 

constant value of PDI throughout the polymerization and the low final PDI value of 

1.50, which is similar to that of the seed polystyrene latex (reaction 2).   

6.3.1.3  Conclusions regarding the in situ emulsions 

Comparison of the homopolymers: The RAFT-mediated butyl acrylate and styrene 

homopolymer in situ emulsion polymerizations (reactions 1 and 2, respectively) 

employed slightly different reaction quantities but produced similar final results. The 

butyl acrylate in situ emulsion mediated by the monofunctional RAFT agent (I) 

produced a controlled final latex, with the reaction being free of colloidal instability. 

The molecular weight distribution was largely monomodal throughout the 
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polymerization, with the absence of any uncontrolled non-RAFT polymer species 

being formed, and produced a final latex with a low PDI.  Similarly, reaction 2, 

styrene polymerized with the monofunctional RAFT agent (I), produced a controlled 

latex free of colloidal instability and an even lower final PDI than reaction 1. Both 

homopolymer in situ emulsions (reactions 1 and 2) reached high conversions and 

proceeded at a fast rate, suffering  very little rate retardation commonly associated 

with RAFT-mediated polymerizations.  The majority of the polymer chains in the 

homopolymer latexes, reactions 1 and 2, contained the thiocarbonyl thio end group of 

the RAFT agent, demonstrating that these polymerizations were successfully 

mediated by the RAFT process.  

Comparison of the block copolymers: Identical reaction conditions were employed 

for the seeded emulsion block copolymerizations (reactions 3 and 4). The 

homopolymer latexes of reactions 1 and 2 served as the seed for the chain extension 

reactions 3 and 4, respectively. The two systems behaved differently however. 

Reaction 3, in which poly (butyl acrylate) (reaction 1) was chain extended with 

polystyrene, produced a mixture of products; the majority of the initial homopolymer 

latex was transformed into controlled RAFT end-capped AB-type BA-Sty block 

copolymer products with the presence of a small amount of high molecular weight 

uncontrolled styrene homopolymer. The block copolymerization, reaction 4, in which 

polystyrene produced in reaction 2 was chain extended with butyl acrylate, produced 

better results than reaction 3. The majority of the starting polystyrene was living and 

was successfully transformed into higher molecular weight AB-type block copolymer 

products. The absence of any uncontrolled homopolymer being formed in the chain 

extension step, as was seen in reaction 3, illustrates that butyl acrylate polymerized in 

the second step is the ideal monomer addition order for the formation of controlled 

high purity block copolymer products.  The PDI of the final latex of reaction 4 was 

lower than that of reaction 3 and the excellent agreement between the predicted and 

experimental number average molecular weight of reaction 4 confirmed that the 

control achieved in reaction 4 was superior to that obtained in reaction 3. Both block 

copolymerizations reached high conversions within a very short time period, with the 

absence of significant rate retardation and colloidal instability.   

Overall conclusions: All four in situ emulsion polymerizations (reactions 1-4) 

experienced no colloidal instability issues and no significant rate retardation, reached 
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high conversions and produced controlled final latexes. The homopolymer latexes, 

reactions 1 and 2, behaved similarly and produced living final poly (butyl acrylate) 

and polystyrene polymers. The block copolymerization reactions 3 and 4 behaved 

differently. In the chain extension step, styrene blocked with butyl acrylate (reaction 

4) proved to be the optimum monomer addition order for the production of high purity 

controlled AB-type block copolymer products via a RAFT-mediated in situ emulsion 

polymerization.  

6.3.2   RAFT-mediated ab initio emulsion and chain extension 
via a seeded emulsion to produce block copolymers 

The use of a RAFT-mediated ab initio emulsion polymerization to produce controlled 

and living latexes was investigated. The monofunctional RAFT agent (I) was used to 

produce a poly (butyl acrylate) latex (reaction 5) which was subsequently chain 

extended with styrene in a second seeded emulsion polymerization step to produce an 

AB-type block copolymer (reaction 6). Unlike the in situ emulsion 

homopolymerizations (Section 6.3.1) the ab initio homopolymerizations were only 

successful with the butyl acrylate monomer. The styrene system was attempted, but 

produced an unstable latex consisting of uncontrolled polymer in the absence of any 

RAFT control. The experimental conditions, reagent quantities and final polymer 

properties for reactions 5 and 6 are given in Table 6.6. 
Table 6.6: Homopolymer (reaction 5) and block copolymerization (reaction 6) ab initio emulsion 

compositions, (Sty) indicates styrene and (BA) indicates butyl acrylate 
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5a 2.68  BA 7.95 5.47  4.49  77 50 500 1.47 

6b -  Sty 2.67 3.72 - 85 61 100 2.28 
a Based on the addition of 1 g SDS and 37.5 g DDI water. b Based on the use of 15 g starting latex (reaction 5), additional 
KPS, 0.01 g and DDI water to keep he solids content at 20%. Reaction temperature, 70°C. 

6.3.2.1  Rates of polymerization 

The conversion-time profiles for the ab initio emulsion homopolymerization of butyl 

acrylate (reaction 5) and the seeded block emulsion polymerization with styrene 

(reaction 6) are depicted in Figure 6.7. The rate of polymerization for reaction 1 is fast 
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and quantative, yielding no rate retardation. The propagation rate coefficient of butyl 

acrylate is high and the reaction is thus expected to be fast; it is over in roughly 40 

minutes.  
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Figure 6.7: Experimental values of conversion as a function of reaction time for the ab initio 

emulsions. Butyl acrylate homopolymerization (reaction 5) and block copolymerization to form butyl 
acrylate-b-styrene (reaction 6).  

The block copolymerization with styrene (reaction 6) has a slower rate than the 

homopolymerization, reaction 5, but this is simply due to the lower propagation rate 

coefficient of styrene when compared to butyl acrylate. The absence of an induction 

period in the chain extension is due to no new particles being nucleated in the second 

step, only reinitiation of the RAFT end-capped butyl acrylate present in the starting 

seed latex. The dynamic light scattering results (Table 6.7) indicate that the average 

particle size of the initial butyl acrylate seed latex (reaction 5) clearly increased in size 

on the addition of the styrene monomer in the second step.  
Table 6.7: DLS results for final latexes of the ab initio emulsions, reactions 5 and 6  

Reaction Z (average) nm Polydispersity

5 142 0.2 

6 178 0.4 

6.3.2.2  Molecular weight distributions and UV-RI analysis of the ab initio 

emulsions and the seeded chain extension to form block copolymers 

Figure 6.8 A shows the evolution of the SEC molecular weight distributions for the 

butyl acrylate ab initio emulsion, reaction 5.  A single molecular weight distribution is 
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obtained throughout the polymerization and shifts linearly to higher values with 

increasing conversion, indicating good living behavior.  
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Figure 6.8:  (A) Evolution of the molecular weight distribution with conversion for the ab initio 

emulsion of butyl acrylate, reaction 5. (B) Final sample UV and RI overlay for reaction 5. 

The apparent absence of other distributions indicates that one nucleation mechanism 

is dominant, which is most probably micellar nucleation as is common in a 

conventional emulsion polymerization system. The use of a poorly water-soluble 

leaving group in the monofunctional RAFT agent (I) ensures that radical exit from the 

polymer particles is minimized and thus decreases the amount of termination in the 

aqueous phase. The UV-RI of the last sample of reaction 5 is given in Figure 6.8 B. 

The good overlap between the UV at 320 nm and the RI signal for the main polymer 

distribution indicates that the thiocarbonyl thio group of the RAFT agent is 

incorporated throughout the distribution. 

The evolution of the normalized MWD for the block copolymerization reaction 6, in 

which the poly (butyl acrylate) latex produced in reaction 5 is chain extended with 

styrene, is shown in Figure 6.9 A.  
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Figure 6.9: (A) Normalized SEC chromatograms of the chain extension of the butyl acrylate ab initio 

emulsion seed latex (reaction 5), with styrene, reaction 6. (B) Final sample UV and RI overlay for 
reaction 6. 

The starting butyl acrylate latex is monomodal but as the chain extension with 

polystyrene occurs the distribution becomes bimodal, consisting of a low molecular 

weight shoulder and a higher molecular weight main polymer distribution.  The low 

molecular weight shoulder is stationary while the main polymer distribution shifts 

linearly to higher values with conversion. The UV-RI overlay for the final sample of 

reaction 6 (Figure 6.9 B) indicates that the low molecular weight shoulder contains 

UV signal at 254 nm but has no UV signal at 320 nm, indicating that this distribution 

must be due to terminated initiator-derived chains of polystyrene formed due to the 

addition of fresh initiator in the second step. The UV-RI overlay for the main polymer 

distribution shows UV signal at 320 nm and 254 nm, indicating that most of the 

chains contain the thiocarbonyl thio end group and that the starting poly (butyl 

acrylate) was indeed living and successfully chain extended with polystyrene to form 

high molecular weight AB-type butyl acrylate-styrene block copolymer products, and 

a small amount of polystyrene homopolymer impurity.   

The SEC –Mn values, the predicted –Mn values and the PDI versus conversion are 

shown in Figure 6.10 for the ab initio emulsion, reaction 5, and the seeded block 

copolymerization, reaction 6.  



Chapter 6:  RAFT-mediated emulsion polymerization and synthesis of 
block copolymers 

165 

0.0 0.2 0.4 0.6

0.00

1.50x104

3.00x104

4.50x104

6.00x104

7.50x104

9.00x104

1.0
1.5
2.0
2.5
3.0

M
n (g

/m
ol

)

Fractional conversion

 SEC Mn, Reaction 5
 Pre Mn, Reaction 5
 SEC Mn, Reaction 6
 Pre Mn, Reaction 6

 Reaction 5
 Reaction 6

 
PD

I

 
Figure 6.10: Evolution of 

–
Mn and PDI for RAFT-mediated ab initio emulsion polymerizations, 

reactions 5 and 6. 

The SEC –Mn increases linearly for reaction 5 and exhibits perfect overlap between the 

experimental and predicted  –Mn values throughout the entire conversion range. The 

PDI values for reaction 5 are roughly constant during the polymerization and remain 

low, with a final PDI value of 1.47. The low final PDI and the linear increase in 

molecular weight indicate that the RAFT-mediated ab initio emulsion polymerization 

was successful in producing well controlled butyl acrylate homopolymer. Reaction 6 

exhibits a deviation between the SEC and predicted –Mn values. From the beginning of 

the chain extension the SEC –Mn is below the predicted line but appears to increase 

linearly. The departure to lower molecular weight values is due to the inclusion of a 

low molecular weight shoulder, caused by the terminated poly (butyl acrylate) formed 

in the first polymerization step as well as polystyrene homopolymer formed in the 

second step (Figure 6.9). The inclusion of this low molecular weight shoulder 

broadens the molecular weight distribution and is reflected in the higher values 

obtained for the PDI for reaction 6 compared to reaction 5. The PDI remains roughly 

constant throughout the conversion range and has a final value of 2.28. The linear 

increase in the number average molecular weight and the absence of any uncontrolled 
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distributions being formed in the chain extension step confirm that reaction 6 was 

indeed controlled. Additionally, the starting butyl acrylate homopolymer was living 

and most of the initial chains were chain extended to form higher molecular weight 

block copolymer products.  

6.3.2.3  Conclusions regarding the ab initio emulsions 

The RAFT-mediated ab initio emulsion polymerization system was found to provide 

stable latexes when butyl acrylate was polymerized first. The polymerization 

proceeded relatively fast and reached high conversions.  The polymerization of 

styrene showed colloidal instability and produced purely uncontrolled high molecular 

weight non-RAFT-mediated polystyrene. The excellent agreement between the 

experimental and predicted number average molecular weight for reaction 5 (poly 

(butyl acrylate)) as well as a unimodal MWD with low PDI values throughout the 

polymerization demonstrate that the ab initio polymerization, reaction 5, was well 

controlled. Supporting evidence for the control achieved was the perfect overlap 

between the UV at 320 nm and the RI signal, indicating that most of the 

polymerization was mediated by the RAFT living process.   

The chain extension of the poly (butyl acrylate) seed latex with styrene (reaction 6) 

was free of colloidal instability and produced well-controlled block copolymer 

products. Reaction 6 reached a similar conversion to reaction 5 and most of the initial 

seed latex was transformed into high molecular weight poly (BA-b-Sty) copolymer, 

exemplifying the livingness of the starting latex. A small amount of styrene 

homopolymer was produced in the chain extension step and slightly distorted the SEC  
–Mn from the predicted. The PDI value increased but remained roughly constant 

throughout the polymerization, indicating that the system was mediated by the RAFT 

living process.  

The RAFT-mediated ab initio polymerization system has thus proven to be effective 

in producing well-controlled butyl acrylate homopolymers. The subsequent chain 

extension of this starting latex with styrene proved to be successful in the production 

of high purity block copolymer products. 
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Abstract 

General conclusions to the research conducted in this study are given. 

Recommendations for future work related to the findings of this thesis are made.   
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7.1  Conclusions 
The primary aim of this study as described in Section 1.6, was the production of well-

defined block copolymers of styrene (hard block) and butyl acrylate (soft block) via a 

RAFT-mediated polymerization that exhibit characteristics of a living free radical 

polymerization. The majority of the polymerizations conducted in homogeneous and 

heterogeneous media exhibited an exceptionally high degree of control, with the 

formation of block copolymers in high purity when the optimum reaction conditions 

were chosen.  

The three trithiocarbonate RAFT agents employed, namely the monofunctional, 

difunctional and trifunctional, produced, via a two-step polymerization, AB-type, 

ABA-type and star block copolymers, respectively. In both homogeneous and 

heterogeneous media these RAFT agents were found to be highly effective in 

producing controlled block copolymer products.  The order of control/livingness 

obtained for the trithiocarbonate RAFT agents was monofunctional > difunctional > 

trifunctional in both the homogeneous and heterogeneous systems. The decrease in 

control as we go from monofunctional RAFT agent to trifunctional RAFT agent was 

caused by the increasing number of trithiocarbonate moieties per RAFT agent, i.e. the 

functionality of the RAFT agent.  By increasing the functionality of the RAFT agent 

the number of different distributions observed in the SEC chromatograms increased, 

which led to the conclusion that more side reactions occurred in the polymerization 

system as the number of thiocarbonyl thio moieties per RAFT agent was increased.  

Conclusions to the specific objectives as stated in Section 1.6 are: 

1) Three trithiocarbonate RAFT agents were designed with similar R and Z groups 

but they differed in their respective functionalities. The monofunctional, 

difunctional and trifunctional trithiocarbonate RAFT agents were synthesized via 

an efficient one-pot nucleophilic addition technique to produce high yield, high 

purity products, as characterized by H1 NMR and FTIR analysis techniques.  

2) The butyl acrylate (solution) and styrene (bulk) homopolymers showed a linear 

increase in molecular weight with conversion, low polydispersity indexes and 

excellent agreement between SEC and predicted –Mn values, indicating the 

successful RAFT mediation of these polymers with the trithiocarbonate RAFT 

agents in homogene   ous media.  
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The highest purity block copolymers were obtained when polystyrene was 

polymerized first and chain extended with butyl acrylate. Most of the starting 

homopolymer was successfully chain extended in the second step substantiating 

the fact that most of the initial homopolymer was indeed living. This was true in 

the case of all three trithiocarbonate RAFT agents.  

3) The non-ionic surfactant, Brij®98, was successful in producing stable butyl 

acrylate latexes via a RAFT-mediated miniemulsion polymerization in the 

presence of the trithiocarbonate RAFT agents. The resulting butyl acrylate latexes 

were well controlled, and free of coagulation and phase separation. This surfactant 

was however unable to stabilize the styrene miniemulsions performed under the 

same conditions.  The non-ionic surfactant, Igepal®CO-990, was used to stabilize 

the styrene miniemulsions. The styrene miniemulsions initially showed slight 

phase separation, which disappeared later in the polymerization.  

4) The butyl acrylate homopolymer miniemulsion polymerizations exhibited the 

greater degree of control. They exhibited no colloidal instability, the lowest PDI 

values and greatest molecular weight control for all trithiocarbonate RAFT agents 

when compared to the styrene homopolymer miniemulsion polymerizations. The 

styrene homopolymer miniemulsions showed colloidal instability and the resulting 

latex products consisted of uncontrolled and controlled polystyrene. Within both 

monomer systems the order of control achieved with the trithiocarbonate RAFT 

agents was as follows monofunctional > difunctional ~ trifunctional. This was 

attributed the difference in the hydrophobicity of the intermediate radicals and 

their subsequent transport through the aqueous phase. Further investigation is 

required to substantiate this.  

The block copolymers produced from the butyl acrylate seed latexes (Brij®98 

stabilized) which were chain extended with polystyrene exhibited no colloidal 

instability and produced the most controlled block copolymers with the highest 

block copolymer purity. Most of the starting butyl acrylate homopolymer was 

successfully chain extended in the second step, substantiating the fact that most of 

the initial homopolymer was indeed living.  

5) The use of the non-ionic surfactant, Brij®98, in concert with the trithiocarbonate 

RAFT agents that do not retard polymerization and lead to fairly high 

conversions, was ideal for the formation of efficient butyl acrylate seed latexes. In 
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order to produce high purity block copolymer products it was found that the ideal 

order for monomer addition was butyl acrylate first and then chain extension with 

styrene.  

6) The in situ emulsion system produced stable and controlled latexes of butyl 

acrylate and styrene (in the presence of the monofunctional RAFT agent). The 

optimum monomer addition order, which produced the most controlled and living 

AB-type block copolymers, was when styrene was polymerized first. The ab initio 

emulsion system only provided stable latexes when butyl acrylate was 

polymerized first. The final homopolymer latex had a low PDI and exhibited 

characteristics of a living polymerization. The butyl acrylate latex was 

successfully chain extended with styrene to produce controlled BA-b-Sty 

copolymer in high purity.  

 

7.2  Recommendations  
In this study it was shown that the production of complex architectures mediated by 

the RAFT living polymerization technique is not perfect, particularly in the case of 

heterogeneous media (miniemulsion and emulsion). It has been proven difficult to 

produce completely pure controlled block copolymer products free of colloidal 

instability. In order to obtain ideal block copolymer latexes, improvements in the 

reaction conditions need to be found and the source of the problems that arose in this 

study need to be further investigated. For this reason the following recommendations 

for further research are proposed:  

• The block copolymer products need to be further characterized by a more 

advanced analytical technique such as 2-D chromatography, in order to obtain an 

accurate representation of the chemical composition distribution of the block 

copolymers i.e. to quantify the amount of block copolymer product and 

homopolymer impurities present in each reaction.  

• Mechanical and thermal testing of the block copolymer products need to be 

carried out in order to obtain a better understanding of the final product properties 

for end-use applications.   

• As the non-ionic surfactants used in the miniemulsion polymerization were unable 

to produce completely stable polystyrene latexes, further investigation into the use 
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of other non-ionic surfactants in conjunction with the trithiocarbonate RAFT 

agents needs to be done.  

• Further investigation into the effect of the RAFT agent hydrophobicity and 

subsequently the effect of its transport through the aqueous phase on the colloidal 

stability and control of the block copolymer products in miniemulsion needs to be 

considered.  

• A stable ab initio emulsion system for the polymerization of styrene in the 

presence of the three RAFT agents needs to be found. 

• The behaviour of the difunctional and trifunctional trithiocarbonate RAFT agents 

needs to be studied in both the ab initio and in situ RAFT-mediated emulsion 

polymerization systems. 

.  
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Figure A1: 1H NMR spectrum of monofunctional RAFT agent (I) in CDCl3. 
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Figure A2: PAS-FTIR spectrum of monofunctional RAFT agent (I).
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Figure A3: UV absorbance spectrum of monofunctional RAFT agent (I) in ethyl acetate.  
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Figure B1: 1H NMR spectrum of difunctional RAFT agent (II) in CDCl3.  
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Figure B2: PAS-FTIR spectrum of difunctional RAFT agent (II).  

7 6 5 4 3 2 1 0

   
A

B

C

E

F

D

F

F

S S

S

SS

S

E D

C

B

A

F

 

A

BC

D

E

Chemical Shift (ppm)

F



Appendix C: Trifunctional RAFT agent (III) 

 177

7 6 5 4 3 2 1 0

 

S

S

S

S

S

S

SS

S

A

B

C

E

F

D

CD

E

E

D

C

B

B

A

A

F

F

 
A

B
C

D

E

Chemical Shift (ppm)

F

 

 

 

 

 

 

 

 

 

 

Figure C1: 1H NMR spectrum of trifunctional RAFT agent (III) in CDCl3.  
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Figure C2: PAS-FTIR spectrum of trifunctional RAFT agent (III).
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D1: SEC chromatogram of non-ionic surfactant, Brij®98. 
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D2: SEC chromatogram of non-ionic surfactant, Igepal®CO-990. 
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